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SUMMARY 
Flexible hybrid electronics (FHE) is a classification of assemblies that describes 
rigid component islands bridged by interconnects printed onto compliant polymer 
substrates. They boast continued performance integrity in cases that require repeated 
elongation, including repeated stretching. The last 20 years have demonstrated exponential 
growth in the application of such designs in industries such as healthcare, energy 
harvesting, and smart home systems, driving the need for high volume, low cost, 
manufacturing approaches. Screen printing composite materials such as polymers with 
conductive particle inclusions offers electrical function with stretchability, but the 
performance limits of these materials have yet to be fully explored. This dissertation 
investigates the evolution of electrical performance of silver-filled polymer inks subjected 
to uniaxial strain. 
This work begins by exploring conductivity of two inks with similar flake volume 
fractions of ~50% that are screen-printed with a single pass (thickness: 10 µm) onto three 
different polymer substrates. The normalized resistance increases more rapidly with 
applied strain for the flexible ink (5025 with an acrylic binder), and has three times greater 
resistance at 35% strain when compared to the stretchable ink (PE 874 with polyurethane 
binder). While resistance increase is qualitatively consistent with percolation theory, in situ 
strain map analysis and post-mortem fractography reveal drastic differences in the root 
causes of the inks’ electrical behavior. Both inks form strain localization bands with similar 
spacing. For the flexible ink (5025), strain localization is accompanied by local necking 
and silver flake area fraction reduction. For the stretchable ink (PE 874), strain localization 
 xviii 
is associated with surface cracking initiated by pre-existing voids, with minimal changes 
in the silver flake area fraction. A model incorporating strain localization through an 
evolving Gaussian distribution of flakes with applied strain more closely accounts for the 
5025 ink’s normalized resistance increase compared to models that assume uniform strain 
and a uniform flake distribution. Overall, local necking and reduction of the flake area 
fraction appear to be more detrimental to the resistance than the formation of surface 
cracks. 
Expanding upon the discovery of surface cracks in PE 874, an investigation is made 
into the origins of electrical performance degradation under uniaxial stretching of a silver 
filled polyurethane ink (DuPont PE 874) screen printed onto a thermoplastic polyurethane 
(TPU) substrate. The ink develops surface ruptures at strains of only a few percent, yet 
remains conductive through continued elongation. It exhibits an increasing sensitivity to 
surface damage beyond 10% applied strain, εapp, as the trace width, w, is reduced from 2 to 
0.1 mm. This lowers the εapp threshold for open circuit failure, from approximately 180% 
for w = 2 mm down to 25% for w = 0.1 mm. The damage progression remains largely 
consistent across trace widths: surface cracks coalesce to form longer channels, which grow 
perpendicular to the direction of elongation. These channels both deepen and widen with 
increasing εapp, and some become laterally linked. The evolution of the network of 
interlinked channels is not width dependent, but a width effect manifests as a result of the 
channels constituting a larger fraction of specimen width for narrower traces. In addition, 
the narrower traces exhibit reduced cross-sections due to an edge taper – an artifact of the 
screen printing process – which attenuates deposition thickness by as much as 50% for w 
= 0.1 mm. 
 xix 
Fatigue response in filled polymers has so far remained largely unexplored, and is 
essential prior to using in health monitoring applications. PE 874 printed onto TE11C is 
evaluated under high-strain cycling. In-situ techniques, including 4-point resistance 
measurement and laser profilometry, are used to correlate changes in electrical 
performance to the fatigue response. Surface crack formation is extensive upon stretching 
during the first loading cycle, forming a heavily interconnected crack network at higher 
strains that does not immediately result in open circuit failure. Resistance increase with 
cycling is attributed to a gradual deepening of these cracks until their depths approach the 
film thickness, eventually leading to electrical failure. Fatigue life, the number of cycles 
required to reach a predetermined electrical performance limit, is shown to be most 
influenced by the applied strain amplitude.  Using a normalized resistance increase limit of 
R/R0=500, it is found that 500 μm wide conductive lines endure 23 cycles at 35% strain 
amplitude, but this becomes over 500 cycles when the amplitude is dropped to 5%. 
Sensitivity to mean strain, εm, is relevant to strain amplitudes below 15%. In this manner, 
a composite conductor was shown to exhibit crack evolution behavior distinctly different 
from homogeneous metallic films. 
Finally, this dissertation presents modifications to traditional single-pass print 
processes in an effort to achieve different geometric and architectural outcomes. Existing 
models for predicting deposition thicknesses fail to capture the complexities of the array 
of process parameters. Void removal in PE 874 through vacuum, sonication, and 
calendering operations proved ineffective, suggesting a decrease in volume loading of 
silver may prevent a porous architecture. 
 1 
CHAPTER 1. BACKGROUND AND MOTIVATION 
1.1 Introduction and Motivation 
Electronic devices are prevalent throughout personal and professional life 
activities; health and environmental monitoring [1, 2], communication [3], energy capture 
[4] and storage [5] are only a few of the numerous applications in regular use. As these 
product markets evolve, and new ones emerge, portability and cost reduction, as well as 
performance improvements are standard drivers for innovation. The potential of flexible 
designs to meet these needs has been recognized within the field as early as the 1960s [6]. 
However it has only been in the last 10-15 years when we have seen publications regarding 
flexible and stretchable electronics rising exponentially, as shown in Figure 1-1.  
 
Figure 1-1: Accumulated publications on flexible and stretchable electronics from 1965-
2020. Data was extracted from Web of science by use of keywords flexible electronics 
and stretchable electronics. 
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This has yielded promising results in foldable phones, smart watches, and a variety of 
wearable technology applications: 
 
Figure 1-2: Summarized properties of advanced wearable FHE [7] 
The critical discriminator between flexible electronics and traditional rigid printed 
circuit boards (PCB) is their ability to operate effectively after, and often during, exposure 
to high strain (for example, upwards of 30% and beyond for wearable applications). Several 
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types of compliant conductors [8] are in development to satisfy strain requirements, each 
with mechanical limitations. 
Metals and carbons have shown promise when deposited as surface film coatings 
[9-11] onto, or embedded as nanowires [12-14] within, polymeric substrates to form 
conductive circuit traces. Such films have substantial elastic property mismatch with the 
substrate and often fail by cracking at low applied strains. Conductive polymers are also 
useful as films [15-17], and have even been functionalized for actuation [18-20], but may 
irreversibly deform and de-bond when elongated. More complex architectures are formed 
when metallic interconnect structures, such as micropillar arrays [21], serpentine lines [22], 
and buckled films [23], are attached to elastomers, however they are similarly susceptible 
to irreversible elongation and delamination from substrates. Finally, hybrid conductors 
describe when conductive filler particles are added to polymers [24-26]. At a certain 
threshold of filler volume fraction, these independent particles form a cohesive percolation 
network, across which current can flow. When strained, the conductor volume will initially 
increase. This phenomenon is relatively isolated to the polymer matrix, resulting in a 
decrease of conductor volume fraction, which may result in a decrease in conductivity with 
potential breakdown of the percolation network. Consequently, hybrid conductors with 
polymer matrices having large Poisson’s ratio, ν, around 0.5, are expected to electrically 
perform better under strain. 
FHE are an increasingly prevalent category of devices that describe combining 
CMOS-based chip components with circuitry printed onto flexible substrates such as 
polymers, paper, and textiles. In this manner, rigid component “islands” are bridged by 
compliant interconnects, most often metallic films or hybrid conductors. This represents a 
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low cost additively manufactured packaging scheme that is deployable with tunable 
properties in a myriad of ways. 
To date, research in polymer supported FHEs has largely been limited to low-strain 
applications, due to the low critical onset strain (COS) of only a few percent for cracking 
in homogeneous metallic films. Hybrid conductors theoretically surpass metal films in 
strain tolerance, but little is known of the mechanical behaviors that govern reliability 
outside of the low-strain regime. Further research is required to link the architecture of 
polymer substrates and conductive composite ink makeup to electrical performance 
evolution under high applied strains. 
1.2 Background Information 
1.2.1 Monotonic Strain Effects on Electrical Performance of a Conductor 
Connecting the observed increase in resistance with the relevant underlying physics 
is necessary to provide insight, and for enabling future material improvements. First order 
approximations and models are used to predict electrical performance in hybrid conductors 
that are subjected to applied strain. The change in resistance due to dimensional changes 





 Equation 1.1 
where A0 corresponds to the initial ink cross-sectional area, L0 corresponds to the initial 
length and ρ is the material resistivity. For a printed ink trace: 
𝐴𝐴0 = ℎ0𝑤𝑤0 Equation 1.2 
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With h0 corresponding to average ink height, and w0 corresponding to the ink trace width. 
Under applied uniaxial strain, εM, the ink dimensions change and become: 
𝐿𝐿 = 𝐿𝐿0(1 + 𝜀𝜀𝑀𝑀) Equation 1.3 
𝑤𝑤 = 𝑤𝑤0(1 − 𝜈𝜈𝜀𝜀𝑀𝑀) Equation 1.4 
ℎ = ℎ0(1 − 𝜈𝜈𝜀𝜀𝑀𝑀) Equation 1.5 
With L, w, and h denoting the deformed dimensions and ν denoting the Poisson’s ratio for 




 Equation 1.6 
Normalizing this deformation-dependent value for relative comparison between 






 Equation 1.7 
Critically, this approximation assumes that resistivity of the conductive material remains 
constant through all values of applied strain. 
1.2.2 Percolation Theory For Hybrid Conductors 
For composite polymer inks containing conductive inclusions, the volume of the 
conductor is: 
𝑉𝑉 = 𝑉𝑉𝑓𝑓 + 𝑉𝑉𝑎𝑎 Equation 1.8 [27] 
where Vf is the volume of the filler material, and Vp is the volume of the polymer matrix. 
Electrical conductivity of a percolating network of filler material is dependent upon a filler 
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volume fraction, φ. As the amount of filler increases relative to matrix material, the 
likelihood of electrical percolation increases, such that it reaches a critical volume content 
threshold, φc, and the composite becomes conductive, having conductivity σc at this onset 
of percolation. Further rise of the filler volume rapidly increases the conductivity, until it 
approximates close to the conductivity of the filler material itself, σm. This volume content 
dependence is described by Figure 1-3. 
 
Figure 1-3: Typical dependence of electrical conductivity (logarithm) on conductive filler 
volume content [27] 
In this model, σp is the conductivity of the polymer traditionally treated as near-zero. φc1 
and φc2 describe the boundaries of the “smearing region” between which conductivity is 
especially sensitive to filler volume. σc1 and σc2 are the conductivity values associated with 
this region. F is the maximum packing limit possible for the filler particles, based on 





 Equation 1.9 [27] 
Given these definitions, conductivity of a composite ink is susceptible to change by 
applied strain. First, we presume that the Poisson’s ratio of the material is less than 0.5, 
otherwise volume would be conserved. This results in a Poisson effect, by which the 
conductor volume increases with strain. The conductive inclusions are treated as rigid 
bodies, while the polymer matrix is considered to be compliant material. As such, the 
increase in the conductor volume is attributed to the increase in volume of the polymer 
matrix, which leads to a decrease in the silver flake fraction and, subsequently, a decrease 
in the electrical conductivity.  Therefore, as the strain increases, the conductivity decreases, 
and the resistance increases. For such models, spacial distribution of filler material is 
treated as uniform [27]. Ergo strain distribution is uniform, i.e., there is no strain 
localization. To describe this affine transformation, the expressions for the electrical 
conductivity according to Mamunya [27] is: 





 Equation 1.10 [27] 
where t represents a fitting exponent to accompany the other system parameters. 
1.2.3 Polymer Supported Printed Conductive Inks 
A common thread among many flexible solutions is the approach of additively 
manufacturing devices through techniques such as transfer, inkjet, aerosol, and screen-
printing conductive films onto thin polymer substrates. Printing methods have shown great 
promise in their compatibility with inorganic materials for creating large field transistor 
arrays [28]. The maturity of the technology allows for high volume production, 
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compounding the cost and weight savings by drastically reducing the material consumed 
per unit print. Researchers are pushing the bounds of circuit density and complexity, but 
struggle with limitations of feature size in reliable designs. Trace widths have shown to be 
reliably produced by direct print at width resolutions of 100µm[29, 30], 10µm[31], and 
even 1µm [32]. Others have printed onto pre-strained substrates, achieving reduced trace 
widths and increased circuit density upon release [33]. 
It has long been known that free-standing metallic films are prone to rupture at 
strains below 1% [34]. The strain localization and necking behavior that causes such failure 
is attenuated when such films are supported by polymer substrates [35], as illustrated in 
Figure 1-4, 
 
Figure 1-4: (a) Freestanding metal film, in which localization is accommodated by rigid 
body motion of the ruptured halves (b) Substrate-bonded film, in which local elongation 
may be suppressed by the substrate [35] 
and can be further regulated by film/substrate adhesion [36, 37]. However, the strain 
delocalization benefit of compliant substrates is finite. One drawback of using thin metallic 
films as the conductor is their substantial elastic property mismatch with the polymer 
substrate, often leading to early degradation of the electrical behavior due to cracking [38-
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48]. Most supported films rupture below 10% strain [49-51], with a few exceptions 
reaching 20% [52] and even 50% [53]. Printed design patterns can further increase 
assembly level stretchability by minimizing strain within the print lines [54, 55]. These 
conductors are therefore limited to bendable electronic applications, where the maximum 
strains do not exceed a few percent. Common applications for metal thin films include solar 
cells [56], energy harvesting devices [57], RFID antennas [58], health monitors [59], and 
other sensors [60-62]. 
1.2.4 Screen Printing Theories 
Screen printing has been in use for hundreds of years, predominantly as an artistic 
technique, allowing for high rate printing at low costs. It constitutes the passing of viscous 
fluid (ink) through the apertures of a fine screen mesh – having been appropriately masked 
with the desired design – onto a substrate material of choice. This is accomplished by 
pressing and dragging a semi-rigid squeegee blade tip across the screen, thereby applying 
sheer force to a leading pool of ink, as illustrated in Figure 1-5. In more recent decades, the 
practice has been adopted for the production of electronics. 
 
Figure 1-5: Screen printing concept [63] 
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1.3 Scope of Present Work: Objectives and Governing Hypothesis 
Composite conductor materials have shown promise as electrical interconnects for 
their higher tolerance of applied strain when printed as inks onto polymer substrates [64]. 
Inclusions have ranged across PZT powders [65], carbon black [66], CNTs [67], and silver 
flakes [68], among others.  
Researchers have successfully demonstrated continuous electrical conductivity of 
silver flake filled polymer composite inks when subjected to strains upward of 600% [69], 
though the resistance increases with applied strain. First order approximations and models 
[27] have been used to predict electrical performance in such hybrid conductors. They 
assume uniform distribution of filler material, as well as uniform deformation. These 
models agree with experimental data for low applied strain (<<5%) [26, 70], but not at 
large strains when non-uniform deformation is expected to occur. 
The electrical behavior of compliant conductors under cyclic loading is an 
important design parameter since ink reliability under repeated loading is expected in 
medical or structural applications. Common studies that explore conductive composite 
films’ electrical response to fatigue [71-75] correlate in situ resistance measurements to 
external processing and testing parameters such as thickness of the supporting substrate, 
resolution of conductive print lines, applied strain amplitudes, and the manner in which 
strains are applied (e.g. bend vs stretch). Few explore internal deformation mechanisms 
and electrical measurements under cyclic loading. 
Given the simplicity of existing phenomenological models, and the lack of 
investigation into high-strain conditions, this work seeks to fill in knowledge gaps for the 
purpose of informing future flexible and stretchable electronic designs. It is hypothesized 
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that heterogeneities in filler particle size and distribution within the composite ink will lead 
to localizations in the material as a result of applied strain. In this manner, the conductor is 
susceptible to failure mechanisms that supersede percolation theory in governing electrical 
performance evolution. 
Hence, this work is divided into three main chapters: 
i. Strain Localization 
In chapter 3, this thesis articulates the differences in mechanical and electrical 
responses to monotonic strain between a pair of similar conductive inks supported by a 
variety of polymer substrates. Leveraging common in situ resistance measurement 
practices during elongation, this work further enriches the data portfolio by coupling 
optical microscopy and laser profilometry with the experiments. This in situ2 approach 
allows for any physical artifacts captured by the imaging to be correlated to the electrical 
measurements. The collected images facilitate the development of incremental in-plane 
strain maps of the ink surface, which are then used to identify strain localizations in the ink 
relative to the applied macro strain. Focused Ion Beam (FIB) cross-sectioning of printed 
samples before and after experimentation, along with Scanning Electron Microscopy 
(SEM) is used to draw insights about the architecture of these inks, and what changes 
manifest beneath the printed surface as a response to applied strain.  
ii. Printed Trace Width Effects 
Chapter 4 explores the limitations of screen printing conductive traces onto polymer 
substrates, whereby the printed trace width is varied across tested samples. This geometric 
parameter is then assessed for general resolution of print, initial electrical capability, and 
 12 
elongation thresholds for electrical failure. Using data collected from the in situ2 approach, 
further image processing algorithms are developed to track strain localization artifacts, and 
draw conclusions about damage evolution and their relevance to printed feature size. 
FIB/SEM imaging is used to supplement the findings. 
iii. High Strain Fatigue Life 
This section expands the investigation beyond the single monotonic elongation case 
into the strain cycling regime, which is more applicable for real world applications. 
Samples are repeatedly elongated and then partially released in order to capture fatigue 
life. By varying printed trace width, applied mean strain, strain amplitude, and strain rate, 
the work identifies the most relevant cycling parameters that influence said life. 
Comparison of surface profilometry scans after successive sets of cycles helps to articulate 
the mechanisms that lead to electrical failure in these prints. 
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CHAPTER 2.  EXPERIMENTAL PROCEDURES  
This chapter presents the experimental samples and techniques used in the study of 
electrical performance evolution in screen-printed inks as influenced by applied strain. In 
addition, it articulates the analytical techniques used to process the data collected from 
resistance measurements, optical microscopy images, laser profilometry scans and images, 
and SEM images, to draw conclusions about the relationships between material response 
to strain and said evolution. 
2.1 Sample Characteristics 
In this work, 5025 [76]  “flexible” and PE 874 [77] “stretchable” inks from DuPont 
were separately screen printed onto polyethylene terephthalate (PET), Kapton polyimide 
(PI), and TPU substrates. In the case of 5025, two different formulations of TPU substrates 
were used: ST604, and TE11C [78]. Both materials are compliant when handled but ST604 
is slightly stiffer, indicating a higher modulus. PE 874 was only printed onto TE11C. 
Printing was performed at the DuPont Applications Laboratory with tightly 
controlled proprietary processes that have been optimized over years for the different inks 
and substrates.  Substrate thicknesses were 127 μm for PET and PI. The TPU substrate 
thicknesses were 89 μm, excluding the temperature stable carrier used as structural support 
for printing and transportation. A single pass screen print of these inks yields a nominal 
thickness of approximately 8-10 μm, as reported by the manufacturer. The inks are then 
cured at 130ºC for 15 minutes. Figure 2-1(a) provides an optical image of 6 specimens 
printed onto PET with 5025 ink of varying widths from 0.1 to 2 mm. The specimens also 
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include tick marks spaced 2 mm apart for spatial reference, and test pads for 4-point 
resistance measurement. 
Printed sheets contain 4 sets of each of the 6 trace widths, totaling 24 prints per 
sheet. Prior to testing, individual test samples are cut from the larger print sheet using the 
tick marks as guides. For PET and PI samples, cutting was performed using a tabletop 
paper cutter. The prints on TPU, having too compliant of a substrate for the paper cutter 
edge, were hand-cut using a circular blade hand tool and straight edge. A single sample 
measures 10 mm wide by 55 mm long. 
 
Figure 2-1: (a) Optical image of the 5025 specimens, printed onto PET, showing sample 
design and trace width variations (b-f) Plane view SEM images of the unstrained ink 
surface; (b-c) show ring-like defects at two magnifications, while (d-f) show the ink 
surface at different magnifications. The silver flakes appear randomly dispersed on the 
surface. 
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5025 ink is composed of silver flakes embedded in a polymer matrix with an acrylic 
binder. The reported flake density is 50% by volume. PE 874 contains a slightly higher 
reported volume fraction of 55% silver flakes, and further differs from 5025 by employing 
a polyurethane binder. Figure 2-1(b-f) show SEM images of the surfaces of a 5025 print at 
increasing magnifications. Qualitatively, the surfaces of 5025 and PE 874 demonstrated no 
distinguishing physical characteristics in the unstrained condition. Ring-like defects on the 
ink surface (see Figure 2-1(b-c)) were found on both inks. They are attributed to the 
printing process, and are likely artifacts of emulsion bubbles popping during the printing 
and curing stages. Flake dimensions qualitatively range from hundreds of nanometers to 
tens of microns, with no obvious arrangements or concentrations. 
The Young’s modulus of 5025 is estimated to be 5 GPa, and that of PE 874 is 1.5 
GPa.  PE 874 is intended to be printed upon TPU substrates, with modulus on the order of 
MPa, while 5025 is considered more appropriate for PET and PI, whose moduli were 
measured to be approximately 2.5 and 3.5 GPa, respectively. This is to reduce modulus 
mismatch between substrate and film. Similarly, Poisson ratios of the hybrid inks are 
estimated to be 0.33 for 5025, and 0.48 for PE 874. Published sheet resistivity values for 
5025 are between 12 and 15mΩ/sq/25μm. PE 874 is <75mΩ/sq/25μm. 
2.2 Monotonic Elongation 
All in situ experimentation was performed using a Linkam TST350 Microtensile 
Test Stage [79]. The stage provides time-stamped load and displacement measurements, 
with resolutions of 1 μs, 0.001 N, and 10 μm, respectively. Custom clamps were designed 
and fabricated using pieces of scrap steel, as well as nylon plastic. The nylon was laser cut 
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with ports for spring-loaded contacts meant to interface with the four pads of each sample. 
The steel pieces were water jet cut, and used as bottom clamps, or otherwise wrapped in 
Kapton tape to prevent accidental electrical connection between the conductive ink and the 
test stage. The clamps isolate an initial unstretched length of the sample, as indicated by 
the displacement measurement. This may vary as an initial working length relative to the 
ultimate applied strain, which itself is limited by the physical range of motion for the stage. 
The 200N load cell sets the limit for the experimental setup. To avoid sample slippage 
during testing, PET and PI samples were glued to the bottom clamps using commercial 
adhesive once they were set to the desired spacing and left to cure before testing. TPU 
samples were compliant enough for double-sided tape to be effective in this regard. An 
example of a sample loaded in the stage may be seen in Figure 2-2. 
 
Figure 2-2: 0.5mm wide PE 874 trace printed onto TE11C substrate, cut and placed into 
TST350 microtensile test stage 
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Four lead wires extend from the spring-loaded contacts in the nylon top clamp to 
connections with an Agilent 34401a digital multimeter for in situ resistance measurement 
during elongation of the stage. Resistance measurements are output from the multimeter to 
the nearest milliohm. 
All test parameters, protocol execution, and  subsequent data collection was 
handled through Labview, which allowed for proper time syncing of load and displacement 
measurements from the tensile test stage with resistance measurements from the 
multimeter. The sampling rate for data collection was approximately 2Hz. Tests varied 
from stepped cases – elongating to specific strain values at specified strain rates – to 
continuous cases, whereby the clamps continued to separate at a specified speed until 
manually halted at the occurrence of a particular event. An example of this might be an 
open circuit measurement in the distressed ink, at which point further elongation would no 
longer yield coupled electrical and mechanical data. 
Initial and in situ displacement and resistance measurements collected from each 
experiment were then used to generate normalized resistance (R/R0) versus applied strain 
plots. Of critical importance was properly allocating the normalized resistance values to 
the conductive material being elongated, and not that of the entire sample. As such the 
sample initial resistance measurement was first distributed along the entire sample print 
length, and then a fraction of that value proportional to the section between the clamps was 
taken as the experimental initial resistance. In this manner, all increases in resistance could 
be tallied and normalized against the experimental initial value. For example, a test sample 
has a printed circuit length of 76 mm. Given that the pattern is un a “U” shape, the relevant 
dimension for a sample placed in the Linkam stage would be twice the clamp width, Wclamp. 
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Therefore the initial experimental resistance, R0, can be taken as a proportion of the total 
measured resistance in the unstrained condition: 
𝑅𝑅0 = 𝑅𝑅𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑡𝑡,𝜀𝜀=0 ×
�2 × 𝑊𝑊𝑐𝑐𝑡𝑡𝑎𝑎𝑚𝑚𝑎𝑎�
76
 Equation 2.1 
Any change in resistance during the experiment, ΔR, can be attributed to elongation of the 
sample section between the clamps. As such: 









 Equation 2.3 
 
The clamp spacing can reach a minimum value of 16 mm, and the Linkam stage has 
approximately 58 mm of travel. This allows for the theoretical application of up to 
approximately 360% strain to a given sample. 
2.3 Strain Cycling 
The testing protocol for strain cycling was as follows: the resistance changes were 
monitored in samples that were elongated by applying a maximum applied strain, εmax, and 
then strain cycled between the εmax and a minimum applied strain, εmin, that was always 
greater than 0% strain (e.g. Tension-Tension cycling). Controlled parameters for any given 
test include strain rate (commonly 2% per second), strain amplitude: (εmax- εmin)/2, and 
mean strain: (εmax + εmin)/2.  Data collected was used to calculate normalized resistance 
(R/R0) for a given applied strain amplitude and mean strain during the test. Timestamps on 
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collected data were used to correlate measurements and calculations to specific cycle 
increments. Individual tests were halted once resistance measurements reached a consistent 
state of erratic values, or open circuit signals, such that further sampling no longer yielded 
coupled electrical and mechanical data. 
2.4 Optical Microscopy and Laser Profilometry 
In order to observe the deformation of the conductive composite thin film, a select 
number of samples were tested with the Linkam stage while under an Olympus LEXT 
OLS4000 confocal microscope. This tool captures optical microscopy images, as well as 
information about the surface topography using the laser profilometer. The optical image 
is created by digitally stitching the field of view captures across a range of heights, thereby 
mitigating any compromise in image resolution from features outside the static depth of 
field of the optical objective. The laser scans give the topography of the view area and 
output the height measurements across the scanned area. Depending on the magnification 
used, window size and resolution vary. For example, a 50x magnification objective 
provides a 256 μm x 256 μm window, with a profile height resolution of 0.24 nm. A 20x 
magnification objection yields a 640 μm x 640 μm window, with a profile resolution of 0.8 
nm. All scans are sized to a 1024 pixel x 1024 pixel image, so scaling adjusts accordingly. 
The in-plane resolution of the 50x objective is 0.25 μm per pixel, while the 20x objective 
carries a resolution of 0.625 μm per pixel. This in situ2 setup may be seen in Figure 2-3(a). 
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Figure 2-3: (a) In situ2 setup depicting 5025 ink printed onto a PET substrate and loaded 
into the Linkam microtensile test stage, which is placed underneath the LEXT confocal 
microscope (b) Optical image of 5025 ink printed onto a PET substrate in the unstrained 
condition, taken at 50x magnification (c) Profilometry scan output of 5025 ink printed 
onto PET substrate in the unstrained condition, taken at 50x magnification 
In the case of strain cycling, the conditions for the samples tested under the confocal 
microscope reflected the largest applied strain that could be applied while the normalized 
resistance under monotonic stretching remained less than 500.  We note that there is no 
clear definition for fatigue life of thin films in the literature. Several criteria have been 
used, mainly related to an arbitrary increase in normalized resistance (from 2% to 25%) 
[41, 80]. In this work, we define R/R0=500 to be a parameter of interest based on our 
experimental results. Coincidentally, at a normalized resistance of 500, unstable crack 
propagation has been observed during stretching of brittle thin oxide films deposited on a 
polymer substrate [81]. For samples tested at a maximum applied strain of 80%, the 
Linkam stage was rotated so as to avoid collision with other objective lenses attached to 
the confocal microscope. The angle of rotation was measured before cycling. The test was 
paused for a few moments at maximum strain of 80% every 10 cycles to allow time to 
complete the scans, and finally ended after the completion of 100 total cycles. 
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2.5 In-Plane Strain and Displacement Maps 
High magnification optical images were taken in-situ at regular increments of 
strain. These image sets were then processed using an open source Digital Image 
Correlation (DIC) software, Ncorr, created at Georgia Tech [82]. This provides a scale 
agnostic method that monitors changes in features during loading using image registration. 
Plane view images of the ink samples in the unstrained condition were used as reference 
images. The flakes and matrix were a natural contrast that was used to track the local 
displacement field. Ncorr, like other subset-based DIC algorithms, divides a patterned 
image into smaller areas (subsets) and monitors their movement in subsequent images that 
are obtained during deformation, e.g. uniaxial stretching of the inks. 
The analysis provides in-plane displacements u and v with sub-pixel resolution for 
each subset center, since deformation in each subset is assumed to be a linear, first order 
transformation. Both the subset radius, rs,as well as the subset overlap can be varied. Ncorr 
obtains in-plane strains from the gradients of a least-square plane fit over a group of subset 
center points of size we from the displacement field. 
The DIC parameters, rs and we, were determined from a Rigid Body Translation 
(RBT) analysis of two reference images of each ink. The reference images were taken prior 
to each strain test, whereby the translated image was obtained by shifting the sample stage 
beneath the scope lens by a few millimeters in a single direction. Any deviation from zero 
(no strain) in the resulting Ncorr analysis will give the uncertainty in the measured 
displacement or strain under uniform stretch of a given pattern. This error was calculated 
for different values of the subset radius and strain window with the minimum substep 
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overlap of 1 pixel, providing a low bound estimate of the error in the strain field assuming 
that the deformation is uniform. This is illustrated in Figure 2-4. 
 
Figure 2-4: Relative error calculations based on subset radius size for (a) 5025 printed ink 
and (b) PE 874 printed ink 
Based on the above evaluation, subset radii of 10 pixels and strain radii of 5 pixels 
were selected for all subsequent analysis. Given the optical image resolution of 4 pixels 
per micron, this translates to subset and strain window sizes of 5 sq. μm and 2.5 sq. μm, 
respectively. The above subset window radius and strain window gave an error of 0.5% for 
the 5025 and 1.2% for PE 874 in the direction of sample elongation, assuming uniform 
deformation. Errors may be slightly higher in regions of strain localization. 
In the case of strain cycling, the relative positioning of the sample underneath the 
LEXT microscope objective does not remain constant across every cycle set. As such, the 
profile scans cannot be compared directly with each other after each cycle.  The height 
profiles need to be translated and possible interpolation is needed before comparing the 
thin film surface after each cycle. For this purpose, DIC is used. Specifically, we compare 
topographical images of the surface obtained using the LEXT microscope at different 
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cycles and compare them with the topographical image at the first cycle. The height profile 
contours have unique features as can be seen from Figure 2-5(a) contour and Figure 2-5(b) 
surface height profile of the surface. The topographical images are separated into smaller 
subsets whose radius, rs, is 10 pixels, which equals to 5 μm. 
 
Figure 2-5: Topographical maps of a region of 0.5 mm PE 874 printed onto a TE11C 
substrate (a) strained to 80%. The region within the dotted outline is selected for (b) 3D 
rendering (c) 2D profilometry field of the same sample after cycling between 50% and 
80% strain 100 times (d) Translation map correlating the shift of the pre and post cycled 
samples scans seen in inserts (a) and (c). Note that the translation is nearly uniform with a 
magnitude of approximately 25 μm. 
Assuming deformation in each subset to be a linear, first order transformation, in-
plane displacements u and v are analytically determined for each subregion center with 
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sub-pixel resolution. The output gives in-plane translation of each topographical map after 
each cycle. Such a field can be generated to compare any cycle set increment. Figure 2-5(c) 
shows the surface after 100 cycles with Figure 2-5(d) showing the relative displacements 
(of the order of 25 μm) from the first cycle. 
2.6 Surface Image Processing for Damage Analysis 
Surface crack formation was identified in one of the printed inks as a response to 
applied strain. These features are observable in images from optical, SEM, or profilometric 
scans, with cracks appearing far darker than either matrix or flake material. Using Matlab, 
these images were imported and binarized to emphasize the crack patterns. After tracing 
over these cracks, the images can be imported back into Matlab where color filtering and 
object recognition algorithms can track crack formation and growth. The crack patterns can 
also be assessed for their qualitative impact on conductive paths within the ink. An example 
of this process may be seen in Figure 2-6. 
 
Figure 2-6: (a) SEM surface image of PE 874 printed on TE11C, strained to 200% (b) 
Tracing of surface cracks (red) on SEM image (c) Shortest path (red) calculated from 
center-right of image to center-left of image, avoiding surface cracks. Path represents a 
more than 30% increase in conduction distance for selected view area 
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2.7 Fractography (SEM, FIB Cuts, Cross Section Analysis) 
In order to quantify and understand the architecture (especially the flake volume 
fraction) of these inks, and their subsequent response to applied strain, cross-sections of 
specimens before and after mechanical testing were obtained using a focused ion beam FEI 
Nanolab 200. Gallium ions were used to mill rectangular regions of the ink so as to expose 
the through thickness ink morphology e.g. height, flake fraction, etc. Platinum deposits of 
1-2 µm were placed in cut areas ahead of time to preserve surface integrity. Post experiment 
cross sectioning also took place for comparative analysis. FIB cuts were initially made at 
30 kV and 3 nA, followed by a polishing section cut at 0.3 nA to remove any atomized 
material that may have deposited onto the section surface during milling at higher current. 
After sectioning, samples were rotated 52° for SEM imaging. Thickness measurements 
were corrected for this angle. Imaging took place at 2kV and 0.86nA in order to resolve 
the non-conductive matrix alongside conductive silver flakes within the cross-sections. 
This allowed for identification of any true void space within ink architecture. 
Once captured, through thickness SEM images were used to identify characteristics 
of each ink before and after straining. This included ink thickness and area fraction of 
conductive filler. Using ImageJ [83], a Java-based image processing tool, screen shot 
images were converted to 8-bit data files. The images were binarized and statistics of the 
flake area fraction and local ink height were obtained along the width of the sections. 
2.8 In-House Screen Printing 
In an effort to investigate potential influences of print process on final dry ink 
architecture, a small number of samples were screen printed on site at Georgia Tech. 
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Specimens consisted of PE 874 ink printed onto a 0.003” (76.2 μm) thick polyurethane 
film, as shown in Figure 2-7. 
 
Figure 2-7: (a) 250g container of PE 874 (b) Polyurethane film supplier label 
The screen used for this ink, having a stainless steel mesh of thread diameter 0.0009” (22.86 
μm) and spaced at 325 threads per inch with a mesh to frame angle of 45°, was provided 
by Hary Manufacturing Inc. The theoretical wet print thickness reported by Hary for this 
mesh configuration is 0.001” (25 μm). The same artwork used by DuPont for producing 
traditional test specimens was applied to this screen, using an emulsion material of 
thickness 0.0005” (12.7 μm). 
The printing procedure occurred as follows: 1) A hand cut sheet of polyurethane 
substrate was placed over a vacuum stage, and taped in place under vacuum to remove any 
wrinkles. 2) The screen was lowered over the substrate, and leveled to a position several 
microns above the substrate. (3) The screen was then hand-flooded with wet PE 874 ink, 
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to confirm all mesh apertures were filled and, also, to limit waste ink with each print. (4) 
A semi-rigid squeegee blade was pressed and dragged across the print in a single pass, with 
sufficient pressure to force contact between the screen and substrate. (5) The screen was 
lifted up away from the substrate, and the substrate with newly printed design was taken 
for cure. These steps are illustrated in Figure 2-8 below: 
 
Figure 2-8: In house screen printing process (a) Substrate placement on vacuum stage (b) 
Screen placement and leveling (c) Flooding screen apertures with wet PE 874 (d) Hand 
printing (e) Completed wet print (f) Chamber for temperature/vacuum cure (g) 
Completed wet print 
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Some prints went through additional processing, consisting of modified procedures 
in the cure phase. A subset of in house prints were either cured in a vacuum environment 
at standard temperature and duration, held in a vacuum for at least an hour prior to vacuum 
cure, or sonicated for a total of 10 minutes, in 20 second intervals, prior to vacuum cure. 
The sonicator setup and vacuum gauge reading are shown in Figure 2-9: 
 
Figure 2-9: (a) Vacuum gauge reading of ~24in. Hg, standard for all cure operations of in 





CHAPTER 3. THE ROLE OF STRAIN LOCALIZATION ON THE 
ELECTRICAL BEHAVIOR OF FLEXIBLE AND STRECHABLE 
SCREEN PRINTED INKS ON POLYMER SUBSTRATES 
Originally Published in Acta Materialia, Volume 10, May 2020 
In this chapter, both flexible (5025) and stretchable (PE 874) inks were subjected 
to monotonic elongation in the in situ and in situ2 setups described by 2.2 and 2.4. This 
encompassed every combination of ink and substrate available. Strain maps derived from 
surface images captured localization trends. Fractographic analysis pre and post mortem 
offers insights into the architecture of the inks, and the physical changes that manifest due 
to applied strain. 
3.1 Initial characterization 
Figure 3-1 compares the respective cross sections of undeformed 5025 and PE 874. 
In both inks we can see high dispersal of silver flakes, comparable to that of their surfaces. 
Flakes are observed to vary significantly in dimension, from several µm to hundreds of nm 
long. Qualitatively, a large proportion of long flakes, those measuring several µm, are 
oriented horizontally in line with the print direction. This is potentially due to shearing 
forces imposed during the screen printing process, and orientation that can occur during 
the drying process. It is also important to note that this cross-sectioning reveals inherent 
defects (voids) within the PE 874 that are not found in 5025. A possible reason for the 
presence of voids is the high filler loading of the PE 874, at 55 v.  When the filler loading 
is greater than the maximum packing fraction for random, loose packing (akin to the tap 
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density), estimated to be 53 v%, voids are created within a coating due to the porosity of 
polymer.  The filler particles do not pack down densely during drying, and air is 
subsequently incorporated into the coating. 
The average initial thickness for 5025 is 9.1 µm, with standard deviation of 0.75 
µm, while it is 11.8 µm for PE 874, with standard deviation of 1.1µm. Given these 
thicknesses, a sample ink trace width of 2 mm, trace length 72 mm, the resistance is 
predicted using Equation 1.1. 
Given the sheet resistivity values reported in 2.1, the predicted resistance values are 
between 1.2 and 1.5 Ω for the 5025 samples, and less than 5.7 Ω for the PE 874 samples. 
Average measured resistances are 2.2 Ω with standard deviation of 0.17 Ω for 5025 and 
2.8 Ω with standard deviation of 0.47 Ω for PE 874. The higher measured resistance in 
5025 suggests that thickness measurement taken from the cross-section cut does not reflect 
the average value within the ink given the variability in thickness (several microns) 
observed from surface roughness measurements. 
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Figure 3-1: SEM cross sections of hybrid inks, taken at 52° tilt: (a) 5025 flexible ink, 
unstrained (b) PE 874 stretchable ink with voids, unstrained. The silver flakes appear 
light gray in color while the binder is darker gray. Voids are apparent in PE 874 as darker 
(nearly black) areas. 
The initial FIB cross sections were used to calculate flake area fraction 
distributions. Applying a normal distribution to flake fraction values over the entire cross 
section, 5025 presents a mean filler fraction of 49%, with standard deviation of 9%. Mean 
flake fraction in PE 874 is higher, at 54.5% with standard deviation of 10%. The average 
void area fraction is 17% for PE 874; these voids vary in size, orientation, and aspect ratio. 
The smallest measure roughly 0.5 µm in diameter. Larger voids are as long as 6 µm, but 
are extremely narrow, measuring only about 0.3 µm across. 
3.2 Normalized Resistance vs. Strain 
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The resistance in both flexible and stretchable inks increases with applied strain. 
As the initial unstrained resistance value is different between samples, the resistance values 
measured under strain are normalized with the undeformed resistance value. Figure 3-2(a) 
shows the normalized resistance with applied strain for both inks onto the three different 
substrates. The normalized resistance of the flexible ink has a similar evolution when 
printed on PET and PI, but for the TPU substrates (TE11C and ST604) the normalized 
resistance increased at much higher rates. This is expected, given that 5025 is not meant to 
be used with TPU, due to large elastic modulus mismatch inducing cracking. The 
stretchable ink (PE 874) did not exhibit a sensitivity to the substrate upon which it was 
printed, as all of its performance plots closely overlapped. These data highlight the 
importance of substrate on the electrical behavior under strain, especially for stiff inks on 
soft substrates. The rest of this chapter focuses on data obtained on PET substrates, in order 
to compare the ink behavior.  
 
Figure 3-2: (a) Normalized resistance with applied strain for the two Ag inks screen 
printed on different substrates (b) Ratio of relative resistance increase with strain between 
5025 and PE 874 printed onto PET. 
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Both inks on PET have a linear increase with resistance up to 20% strain, after 
which the resistance for 5025 rapidly increases. PE 874 performed much better with respect 
to applied strain than its 5025 counterpart. Figure 3-2(b) plots the ratio of normalized 
resistance values between 5025 and PE 874 when strained on PET. The disparity in 
electrical performance appears to increase linearly, such that by 35% applied strain the 
normalized resistance increase is 3 times more for 5025 than for PE 874. 
3.3 Strain Localization 
Figures 3-3(a) and 3-3(c) show optical images of the surface of the two inks on PET 
from 0 to 15% strain (additional ink-substrate strain evolution plots may be seen in 
Appendix A). When supported by this substrate, PE 874 develops surface cracks that are 
visible starting ~5-7% applied strain, while 5025 exhibits no discernible changes in the 
optical images with applied strain. The cracks for PE 874 are broadly distributed 
throughout the image, which suggests a universal response in this ink. 
 Figures 3-3(b) and 3-3(d) show the in-plane strain along the stretch direction 
(Exx) up to 15% applied strain. Color bar scaling is set from 0-100% strain. In both cases, 
we see that strain localizes in narrow bands that are initially oriented perpendicular to the 
direction of applied strain. For 5025, the localization begins at low applied strain levels. At 
7% applied strain, the strain within the localization bands is 4 times greater than the applied 
strain for 5025 and 3 times greater than the applied strain for PE 874. The strain in between 
the bands is much lower and some regions within the bands can remain undeformed (have 
zero strain). Please note that very low levels of strain are within the resolution limit of the 
current optical imaging setup and the pattern used e.g. the natural contrast between flakes 
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and binder. We also note that the strain within the localization bands can be even greater 
than a factor of 3 or 4 from the applied strain since the in-plane “local” strain is averaged 
over the subset window size and strain window size. The spacing of the localization bands 
is periodic and two-dimensional Fourier transformation of the strain field was used to 
identify the band spacing to be 28 µm for 5025, and 32 µm for PE 874. Moreover, as the 
applied strain increases beyond 10%, the individual localization bands begin to also 
combine along the lateral direction.  
 
Figure 3-3: Optical imaging and strain field calculations for 5025 and PE 874 under 
applied uniaxial far field strain values of 0%, 1%, 5%, 10%, and 15%. (a) 5025 “flexible” 
 35 
ink optical surface images (b) 5025 strain field overlay (c) PE 874 “stretchable” ink 
optical surface images (d) PE 874 strain field overlay 
As the bands interconnect, above 15% applied strain, the integrity of distinct 
localization bands breaks down, especially for 5025 so that more areas of the ink are 
involved in accommodating the macroscopic applied strain resulting in a more even 
distribution of the field. Strain is therefore accommodated in more regions, contributing to 
largely uniform reduction in thickness for 5025. Since PE 874 exhibited surface cracking, 
Poisson effects are superseded and significant thickness reduction is not expected, as 
shown next. 
3.4 Fractography 
Given that far-field applied strain is largely accommodated through localized band 
formation for both inks, SEM images of post-test plan and through thickness cross-sections 
(after tests to 35% applied strain) were taken to further understand the differences in 
damage behavior between the two inks. Figures 3-4(a) and 3-4(c) show the plane-view 
surfaces for each ink after 35% strain. There are marked differences from the initial SEM 
top view images of Figure 3-1. In 5025, significant debonding between silver flakes and 
the matrix (that can be better seen on Fig. 7(a)) have occurred. Moreover, some regions 
have undergone extreme reductions in ink thickness (see Figure 3-4(b)) that appear to also 
have a lower flake density compared to surrounding ink space.  For PE 874 cracks are 
present throughout the area, with spacing of approximately 30 µm that coincides with the 




Figure 3-4: Low-magnification top-down or inclined SEM images of hybrid inks, post 
35% strain: (a-b) High strain localization in 5025 flexible ink (c) Manifestations of 
surface cracking in PE 874 stretchable ink (d) Alignment of internal voids with surface 
cracks in PE 874 
Figure 3-5 shows two cross-sections of 5025 and PE 874. For 5025 the same flake-
matrix debonding observed at the surface is seen within its thickness. The overall ink 
thickness decreased to approximately 4-6 µm, however within the local necking areas, 
thickness decreased to as low as 2 µm. In contrast, in PE 874 the thickness only decreased 
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to approximately 10 µm, with no local necking. Of particular note is the apparent 
coalescence and growth of voids within this ink. Orientation and spacing of expanded voids 
coincide with that of the surface cracks observed. To summarize, the fractography results 
highlight that significant plastic deformation occurs with 5025, resulting in large thickness 
reduction resulting in local necking. These large plastic deformations are consistent with 
the widespread debonding observed between flakes and matrix. In contrast, the widespread 
cracks observed with PE 874 have little plastic deformation in their vicinity, as evidenced 
by the small thickness reduction in these areas. Instead, damage/deformation is localized 
within these cracks. For the two inks, there is therefore a difference in flake distributions 
and thicknesses that should impact electrical resistance increases differently. 
 
Figure 3-5: SEM cross-sectioned areas of hybrid inks, post 35% strain: (a) Flake-matrix 
debonding and extreme thickness reduction in 5025 flexible ink (b) Expanded and 
oriented internal voids in PE 874 stretchable ink 
Figures 3-6 and 3-7 compare the height and flake area fraction distribution plots 
obtained from the binarized cross-sections shown in Figure 3-1 and Figure 3-5, for 5025 
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and PE 874, respectively. The silver flake area fraction along the cross-section length was 
calculated and normal distribution curves were fit to the data. For 5025, the flake area 
fraction average changes from 49% to 35% after straining. Within the local necking regions 
of the ink, this fraction averages about 25%. This is significant, in that both the thickness 
and flake fraction are known to negatively impact the resistance in these local areas. PE 
874, exhibits minimal changes to thickness and maintains its mean flake fraction value of 
54.5%, with a slightly higher standard deviation of 11%. But void area fraction increases 
to 24.7%, a 45% increase compared to the initial 17% void fraction. It is important to note 
that these voids do not appear to cover the full through-thickness of the ink, however their 
vertical height is extensive. As such, while there are no significant reductions in overall 
ink thickness with PE 874, the effective local thickness is reduced after the appearance of 
the surface cracks. Within the cross section captured, an area below a grouping of voids 
measures 1.4 µm in height, comparable to that of 5025. However, mean flake fraction in 
this area is significantly higher, at 42%.  
 39 
 
Figure 3-6: 5025 flexible ink height and flake fraction: (a) Height distribution, unstrained 
(b) Flake fraction, unstrained (c) Height distribution, post 35% strain (d) Flake fraction, 
post 35% strain 
 40 
 
Figure 3-7: PE 874 stretchable ink height, flake, and void fraction: (a) Height 
distribution, unstrained (b), post 35% strain (e) Flake fraction, post 35% strain (f) Void 
fraction, post 35% strain 
3.5 Discussion 
For characterizing, the electrical conductivity of a percolating network of silver 
flakes within these inks, we look back to Equation 1.10. Rewritten slightly differently to 
yield a normalized conductivity term, we get:  
𝜎𝜎
𝜎𝜎𝑐𝑐








 Equation 3.1 
where, s has now taken the place of the original fitting exponent, and φmax that of the max 
packing volume of Ag flakes. The change in the flake volume fraction of a sample subject 
to uniaxial strain is: 
𝜑𝜑(𝜀𝜀, 𝜈𝜈) = �
𝜑𝜑0
(1 + 𝜀𝜀)(1 − 𝜈𝜈𝜀𝜀)
� Equation 3.2 
 41 
 
where the denominator represents the increase in volume of the sample, φ0 is the initial 
silver volume fraction, ε is the strain, and ν is Poisson’s ratio.  Equation 3.2 accounts for 
shrinkage in only the thickness dimension (i.e. assuming no decrease in width as a 
simplification). Combining Equations 3.1 and 3.2 gives the relative conductivity ratio as a 
function of strain, the inverse of which provided the resistivity ratio.  When the line is 
stretched, the relationship between resistivity and resistance (see Equation 1.1) must also 




� Equation 3.3 
The above relations are modified to include the effects of strain localization through 
inclusion of a spatial inhomogeneity of the silver flake fraction, as measured in Figure 3-6 
and Figure 3-7.  For the unloaded 5025, the silver flake fraction can be represented by a 
Gaussian distribution, with a mean of 49 vol% and a standard deviation of 9%.  After being 
strained to ε = 0.35, the flake fraction distribution shifted to a mean of 35 vol% with a 
standard deviation of 11%. The effect of an evolving silver flake distribution with strain 
can be obtained through modification of Equation 3.1. The conductivity along a printed 
line can divided into a series of short segments, where the loading in each segment is 
distributed in a Gaussian fashion. The origin of the disparate flake fraction areas may be 
the strain localization that creates segments that have low loading, and low conductivity, 
which exacerbates the increase in resistance of the printed line as a whole.   
The impact of the uniform vs. localized strain on the resistance is examined for the 
5025 ink through an evolving vs. non-evolving silver flake fraction distribution.  For both 
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models, these are the parameters used for 5025:ν = 0.35, s = 2, 𝜑𝜑𝑐𝑐 = 0.13, 𝜎𝜎𝑚𝑚/𝜎𝜎𝑐𝑐 = 1e6, 
and 𝜑𝜑𝑚𝑚𝑎𝑎𝑚𝑚 = 0.8 (see Figure 3-8(a)).  The ratio of the increase in resistance is very sensitive 
to factors like the percolation threshold, which is not known for the silver flakes used here.  
For spheres, the percolation threshold is 𝜑𝜑𝑐𝑐 = 0.18, but it will be lower than that for flake 
particles.  Under uniform strain the model, per Equation 3.1, with an average loading 
expression [27]  predicts a 2.6 times increase in resistance at 35% strain for the 5025 ink, 
which is much lower than the observed increase in resistance.  Under localized strain, 
modeled by allowing the local flake fraction to follow a Gaussian distribution, the 
resistance is predicted to increase by a factor of 15 at 35% strain, which is similar to the 
experimental value (see Fig. 10(c)).  Clearly incorporation of a non-uniform loading, as a 
way of accounting for the strain localization impact, results in a much higher increase in 
the resistance of a printed line.  At the very least it presents better agreement, compared to 




Figure 3-8: Numerical model predictions: (a) Conductivity (log scale) with increasing 
volume fraction for both inks (Equation 3.1) (b) Average flake volume fraction with 
strain (Equation 3.2) (c) Numerical model predictions of normalized resistance ratio vs 
strain 
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For the PE 874 ink only the following parameters are different from those used for 
5025: an initial volume loading of 55 vol%, and Poisson’s ratio of 0.476.  For a non-
evolving volume loading, Equation 3.1 predicts the resistance increase to be 2.3 times 
higher, not very different from the 2.6 resistance change for 5025. Incorporating the 
measured Gaussian distribution (see Figure 3-8(d)) did not result in any significant change 
(see Figure 3-8(c)) (2.8 vs original 2.3 at 35%) and does not wholly account for the 
experimental resistance ratio of 5 at 35%. The 5 times increase in resistance for PE 874 can 
be explained by recognizing the ink’s resistance reduction is due to the appearance of 
surface cracks. When PE 874 is stretched, the distribution of flake volume loading did not 
change (see Figure 3-7(b) and 3-7(e)), which is inconsistent with Equation 3.2 predicting 
a decrease in flake fraction from 0.55 to 0.49 (see Figure 3-8(b)). This is likely the result 
of cracking (see Figure 3-4(d)), preventing deformation in adjacent areas, and therefore 
resulting in a constant flake fraction, and also leading to an increase in the void content 
(see Figure 3-7(c) and 3-7(f)).  The response of this ink may be better modeled using porous 
metals where one phase is electrically conductive, but the void phase has no conductivity.  
It is known that the electrical conductivity of a metal decreases linearly with the 
introduction of pores at low porosity, with some curvature at higher values of porosity [32, 
33].  If all the volume increase in the PE 874 is caused by an increase in void volume, then 
we would expect the electrical resistivity to increase linearly with the void volume, which 
matches the trend in the data. 
3.6 Conclusions 
In conclusion, this chapter highlighted the importance of the initial architecture of 
silver inks on the deformation and electrical behavior up to large strains (in excess of 30%). 
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While the investigated 5025 and PE 874 inks were expected to differ only in their polymer 
matrix properties, our FIB cross-sections revealed a large presence of micron-size voids in 
the PE 874 inks.  Our in situ strain map analysis showed the formation of strain localization 
bands at early applied strain levels. These strain localization bands have different origins, 
which result in different flake volume fraction evolutions and therefore different electrical 
behavior. For PE 874, strain localization is associated with cracking, most likely triggered 
by the pre-existing voids, which leads to minimal silver flake volume fraction changes and 
a resistance ratio increase of 5 at 35% applied strain. Instead, for 5025, strain localization 
is accompanied by local necking which leads to large silver flake volume fraction decreases 
and a resistance ratio increase of 15 at 35% applied strain. Percolation theory can provide 
reasonable estimates of the resistance ratio increase with strain for 5025 if the Gaussian 
distribution representing the measured flake fraction (which captures non-uniform 
deformation) is used, compared to the use of average flake fraction (which better captures 
uniform deformation). 
This work suggests the somewhat paradoxical conclusion that voids, which lead to 
cracks in the deformed inks, can be beneficial for their electrical behavior under large 
strains. Indeed, while presence of surface cracks means an increase in void fraction, and 
therefore an increase in resistance (increase in porosity), their formation prevents any 
significant decrease in flake volume fraction (especially in necked regions). Since these are 
only surface and not through-thickness cracks, their formation appears to be not as 
detrimental to the ink’s overall electrical behavior. Investigating PE 874 inks with different 
initial void contents (presumably by optimizing the fabrication process) would be useful to 
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further understand the combined effect of voids and strain localization on electrical 
behavior under large strains. 
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CHAPTER 4. TRACE WIDTH EFFECTS ON ELECTRICAL 
PERFORMANCE OF SCREEN-PRINTED SILVER INKS ON 
ELASTOMERIC SUBSTRATES UNDER UNIAXIAL STRETCH 
Submitted for Publication 
Chapter 3 investigated the origins of resistance increase in a stretchable ink under 
strains up to 50%, which were attributed to early strain localization in the form of surface 
cracking. Since elongation was not continued beyond 50% applied strain, damage 
evolution has not been fully characterized until failure (open) occurs. Particularly, the 
occurrence of surface cracking warrants further investigation and particularly its 
interaction with trace width and line resistance changes. Therefore, in an effort to assess 
the current limitations of printed conductors, this chapter explores the strain thresholds, 
and their dependencies to trace widths, of PE 874 screen-printed onto TPU and subjected 
to uniaxial strain until electrical failure. 
4.1 Sample Profilometry 
Profilometry scans of each of the trace widths prior to elongation are shown in 
Figure 4-1(a). They reveal a shallow taper region of about 100-150 μm, across which print 
thickness in the direction of the center of the trace gradually rises from the substrate plane 
toward peak thickness levels. For every μm of thickness added, the taper extends 
approximately 14 μm toward the print line center. For w < 0.75 mm, print line thickness 
does not reach the nominal 8 to 10 μm. For w = 0.1 mm (resp. 0.25 and 0.5 mm), the 
thickness only reaches about 50% (resp. 75%) of the nominal value. When determining 
 48 
resistivity values, these thickness tapers should be included by adjusting the cross-seciton 
area to that of a trapezoid, as shown in Figure 4-1(b). 
 
Figure 4-1: (a) Profilometry scans of untested samples, starting from edge of print line, 
for different specimen widths, w (b) Representaiton of print line cross section for 
different trace widths, w 
4.2 Initial Characterization 
Measured initial resistances of the print lines are shown in Figure 4-2(a). There is 
a high standard of deviation for w = 0.1 mm compared to the other trace widths. It should 
be noted that the yield of the w = 0.1 mm prints was only 10%. This means that 9 out of 10 
prints of this size were open circuits in the unstrained condition, and not included in the 
measurements. This was due to line edge defects, which significantly reduced local trace 
width, resulting in discontinuities along the print length. Examples of such defects may be 
viewed in Appendix B. All other print sizes had 100% yield, and only specimens with 
measurable resistance values were used in elongation experiments. 





 Equation 4.1 
where R is the measured resistance, A is the cross-sectional area of the printed trace, 
and L is the length of the print line (76 mm). We consider two cross-sectional areas:  the 
idealized rectangular cross-section, and a trapezoidal shape approximated from the 
profilometry scans. 
𝐴𝐴𝑟𝑟𝑜𝑜𝑐𝑐 = 𝑤𝑤𝑤𝑤𝑑𝑑𝑡𝑡ℎ ×  ℎ𝑒𝑒𝑤𝑤𝑒𝑒ℎ𝑡𝑡 Equation 4.2 
𝐴𝐴𝑡𝑡𝑟𝑟𝑎𝑎𝑎𝑎 =
(𝑏𝑏𝑎𝑎𝑏𝑏𝑒𝑒1 + 𝑏𝑏𝑎𝑎𝑏𝑏𝑒𝑒2)  ×  ℎ𝑒𝑒𝑤𝑤𝑒𝑒ℎ𝑡𝑡
2
 Equation 4.3 
 
The idealized cross section uses the nominal trace width and nominal height of 10 
μm. The trapezoidal approximation uses the nominal trace width as base1, and the measured 
values for base2 and height. The comparative results of Equation 4.1 can be seen in Figure 
4-2(b). The idealized cross-section suggests a trace-width dependence for resistivity, which 
can be seen to be much higher for  w = 0.1 mm . When we apply the trapezoidal correction 
using measured values, we find the resistivity to be relatively constant, at an average of 
0.001±0.0002 Ω-mm, in agreement with values reported by the manufacturer (<0.0019 Ω-
mm). We can conclude that trace width has no impact on resistivity, and therefore that the 
volume fraction of silver flakes in the taper region is likely the same as the areas of peak 
print line thickness. 
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Figure 4-2: (a) Initial resistance, R0, measurements for print lines as a function of trace 
width (b) Calculated resistivity values using idealized rectangular cross section and 
measured cross section more closely approximated to a trapezoid 
To confirm that, a cross section cut from the edge of a printed trace may be seen in 
Figure 4-3(a). Analysis of the sectioned face (Figure 4-3(b)), revealed a 56% area fraction 
of silver flake inclusions, which is similar to that of the 55% bulk volume fraction reported 
by the manufacturer. It is also consistent with cross section analysis of the center of print 
lines performed in Chapter 3, which found flake fractions of approximately 55%. Figure 
4-3(c) displays a portion of this cross-section at higher magnification, such that the 
disparity between flake, matrix, and void area is more apparent. 
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Figure 4-3: (a) Cross section from edge of PE 874 print, displaying tapered thickness (b) 
Calculated silver flake area fraction (c) High magnification image of PE 874 cross- 
section. 
4.3 In Situ Results 
Normalized resistance values versus applied far-field strain for the tested sample 
sets are plotted in Figure 4-4(a). Two idealized conductor models are also presented, and 
will be discussed later in this work. All trace width prints demonstrate similar trends: as 
elongation increases, so does the normalized resistance. Figure 4-4(b) shows a closeup 
within 10% applied strain indicating that over that range, the increase in normalized 
resistance is the same for all trace widths. For εapp > 10%, the resistance curves begin to 
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diverge, such that the lowest rates of resistance increase are associated with the widest print 
lines. This continues until a width-dependent threshold value, above which the resistance 
measurement becomes unstable (see Figure 4-4(a)). During instability, a given trace is still 
conductive, but the measurement values fluctuate wildly, sometimes by orders of 
magnitude. Eventually this behavior gives way to open circuit failure. 
The respective threshold values for performance instability and open circuit 
measurements are presented in Figure 4-4(c). Overall, the threshold strain values increase 
with increasing w, and appear to reach a plateau for w = 2 mm, (strain thresholds are εapp = 
147.8±5.1% for instability, and εapp = 183.2±7.7% for open circuit failure). As w decreases, 
the relative drop in strain threshold gets larger, especially for w < 0.5 mm. For w = 0.1 mm 
the line becomes unstable at εapp = 12.3±5.6% and fails by εapp = 26.2±7.3%. These values 
are below the 30-50% strain range for wearable applications, and highlight the need to 
understand these size effects. 
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Figure 4-4: (a) Normalized resistance, R/R0 vs. εapp for tested trace widths (b) Semi-log 
scale normalized resistance, R/R0 vs εapp for εapp = 1-10% (c) Instability and open circuit 
thresholds for respective trace width prints 
4.4 Image Analysis 
Surface scans for w = 2 mm were taken at incremental εapp values up to 200%, 
which is beyond the threshold for open circuit failure. Some of the images, processed with 
associated crack pattern tracings, may be seen in Figure 4-5(a-c). 
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Figure 4-5: (a) w = 2 mm PE 874 on TPU, εapp = 5%  (b) w = 2 mm PE 874 on TPU, εapp 
= 40% (c) w = 2 mm PE 874 on TPU, εapp = 80% 
Cracks were seen to nucleate as early as εapp = 1%, and quickly coalesce into channels 
oriented perpendicular to the direction of elongation; they run across the printed trace line. 
This behavior may be quantified by the increase in max crack length with strain. For 
example, for w = 2 mm, cracks can be as long as 150 μm at εapp = 5%, as seen in Figure 
4-10(a). This length more than doubles at εapp = 40% . 
SEM images at higher strains may be seen in Figure 4-6, Figure 4-7, and Figure 4-8. 
While resistance was not measured during SEM image capture, the average resistance at 
that applied strain as measured from multiple tests for the same trace width is shown on 
the SEM images for reference. 
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Figure 4-6: (a-d) Top-down and (e-f) inclined SEM images of ink surface (w=0.1 mm) 
for for εapp = 50%, 100%, 150%, and 200%, respectively 
Line edge roughness for w = 0.1 mm varies significantly, with some sections 
measuring just 50 μm across, and others exceeding the nominal value at closer to 120 μm. 
At εapp = 50%, crack channels traverse fully across the print line. Given that this trace width 
completely fails electrically prior to this strain, it suggests that the cracks have contributed 
to the open circuit. With increasing applied strain, crack channels can be seen to widen 
dramatically, as the surface of the print breaks down from a cohesive print line into 
sequestered blocks of material. 
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Figure 4-7: (a-d) Top-down and (e-f) inclined SEM images of ink surface (w = 0.5 mm) 
for εapp = 50%, 100%, 150%, and 200%, respectively 
For w = 0.5 mm (Fig. 9), we can see distinct crack channels at εapp = 50%. At εapp = 
100%, crack density has increased, the channels have opened to as wide as 5 μm, and some 
have begun to laterally link. The trace resistance measurements vary wildly by this point, 
so crack geometry combined with lateral linkages are impacting the cohesiveness of 
conductive pathways. At εapp = 150% and 200%, the circuit has failed. By this point crack 
openings are 10 μm, or even wider. 
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Figure 4-8: (a-d) Top-down and (e-f) inclined SEM images of ink surface (w = 2.0 mm) 
for εapp = 50%, 100%, 150%, and 200%, respectively 
The corresponding SEM images for w = 2.0 mm (see Fig. 10) reveal similar 
behavior to the narrower prints; surface cracks form and grow with increasing strain. At 
εapp = 150%, just above the threshold for instability, the lateral linking of cracks is 
substantial. At εapp = 200%, past circuit failure, the surface integrity of the print has 
completely broken down. Higher magnification images w = 2 mm  at εapp = 100% and 
200% may be seen in Figure 4-9. 
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Figure 4-9: Low and high magnification SEM images of PE 874 with a 2mm trace width 
(a) w = 2 mm and applied strain, εapp =100% (b) w = 2 mm, εapp = 200% strain, showing 
widening of the surface cracks (c) high magnification, at εapp = 100% (d) high 
magnification at εapp = 200% strain showing crack tip openings approaching 10 μm 
across 
These SEM images reveal that the crack openings, which measure around 5 μm at 
εapp = 100%, have nearly doubled (~10 μm) at εapp = 200%. Silver flakes are visible within 
the openings, suggesting potential conductivity at the bottom, closer to the substrate.  
By measuring surface features identified by image analysis, we can measure in-
plane dimensions such as length and width, as shown in Figure 4-10(a-c). Figure 4-10(a) 
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describes the peak lateral length for any surface openings found in a w = 2 mm trace under 
strain. At εapp = 5%, damage is already measurable to lengths of 150 μm. This steadily rises 
with strain, such that features are over 300 μm long at εapp = 40%. 
Additional surface ruptures form lateral linkages (in the direction of elongation) of 
mature channels. This means the channel openings are not just widening with strain, they 
are also merging with other channels. Image filtering and analysis allows this to be 
quantified and displayed in Figure 4-10(b) and Figure 4-10(c), which compare relative 
crack sizes for w = 2 mm and 0.5 mm, respectively. When including lateral linkages, 
networked channels are considered single objects. Therefore, ΔX in Figure 4-10(b) and 
Figure 4-10(c) refer to the total width of an entire interconnected crack, which may be 
comprised of multiple channels and their connectors. This dimension is along the print line, 
in the direction of the applied strain and the elongation. ΔY similarly looks at the length 
running across a print, along the width direction. A single data point may comprise a 
connected formation of cracks which are vertically offset, for a larger composite length. In 
both w = 2 mm and w = 0.5 mm cases, crack network growth exhibits similar expansion 
behavior with increasing εapp. From Figure 4-10(d) and Figure 4-10(e), we see the 
respective scatter fields overlap considerably at εapp = 50%, and continue to do so at εapp = 
150%. Lateral linkages were observed in both cases, and appear to have the same along-
print dimensional effect. Similarly, channel lengths continue to grow across the print. 
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Figure 4-10: (a) Highest rupture length for w =  2 mm as a function of εapp, derived from 
LEXT scans (b) Scatter plot of length (across print) and width (along print) 
measurements of damage formations in w = 2 mm PE 874 sample, derived from SEM 
images (c) Scatter plot of length (across print) and width (along print) measurements of 
damage formations in w = 0.5 mm PE 874 sample, derived from SEM images (d) Scatter 
plot of length (across print) and width (along print) measurements of damage formations 
in w = 0.5 mm and 2.0 mm PE 874 sample for εapp = 50%, derived from SEM images (e) 
Scatter plot of length (across print) and width (along print) measurements of damage 
formations in w = 0.5 mm and 2.0 mm PE 874 sample for εapp = 150%, derived from 
SEM images 
4.5 Discussion 
4.5.1 Comparison to Metallic Films 
The observed surface damage in PE 874 with strain is reminiscent of the strain-
induced cracking which also manifests in metallic thin films (thickness of around 1 μm) on 
polymer substrates [35, 42, 53, 84-87]. However, the strain-induced damage in metallic 
films is associated with propagating channel cracks whose depth is equal to the film 
thickness [36] and causes a sudden geometrical discontinuity that affects local resistivity. 
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As a result, numerous studies have shown that the normalized resistance vs strain curve 
follows two regimes for these systems: prior to onset of cracking, the normalized resistance 
follows the (1+ εapp)2 trend [53], a geometrical model that assumes constant resistivity with 
εapp and constant volume; and upon cracking, a departure from this model, with larger 
increases in normalized resistance. The onset of cracking depends on several factors, 
including film thickness, grain size, and substrate, and varies from εapp of a few % to tens 
of % [42, 53, 85-87]. Upon cracking, the normalized resistance can be estimated with 
models incorporating average crack length and network density [88, 89]. The channel 
cracks quickly traverse through the specimen width with increasing εapp, which explains 
why they fail at low strains, typically not exceeding 20% [84]. 
In contrast, the observed surface cracking in the stretchable PE 874 ink is 
significantly different in that it does not involve the propagation of sharp through thickness 
cracks, but is instead more reminiscent of ductile crack growth. Strain localization 
manifests from the outset of deformation (εapp = 1%), which we previously attributed to the 
presence of voids, also shown in Figure 4-3. These channels of localized deformation 
eventually evolve into cracks that are visible at larger strains (εapp = 2-4%); the depth of 
these cracks is only a fraction of the ink thickness when they form. As a result of this early 
strain localization, the normalized resistance curve for PE 874 does not follow the classical 
(1+ εapp)2 trend, even before cracks can be observed; see Figure 4-4(b). This means that the 
electrical performance of metallic films is better (lower normalized resistance) than PE 874 
at low strains (<4%).  However, the trend is reversed at larger strains, due to the different 
nature of the observed cracking. 
4.5.2 Trace Width Effects 
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From the initial resistance measurements and the topographical scans of the print 
lines, we can quantify the geometric resolution capabilities for screen printing of this PE 
874 at various features sizes. Below w = 0.75 mm, thickness is dependent upon line width, 
such that a single pass print does not provide 8-10 μm of film thickness due to the edge 
taper. The w = 0.1 mm prints can only achieve half of the nominal thickness value, while 
the edge roughness indicates poor width control, and high variability in resistance (when 
functional at all), at this size. Corrected resistivity calculations, along with cross section 
analysis, reasonably show that ink microstructure does not change between the taper region 
and the peak thickness sections of the print lines. 
Analysis of damage behavior shown in Figure 4-10(a-c) confirms that surface 
cracks both deepen and widen with increasingly applied strain. Instability is likely reached 
when individual crack channels approach full ink depth, or otherwise a sufficient depth and 
width such that any remaining silver flakes beneath the crack are too spaced apart to 
percolate. Lateral linkages exacerbate this effect by eliminating inter-crack conductive 
pathways. 
With respect to trace width, we can see that cracks reach over 200 μm across a trace 
at εapp = 150%. This length represents 10-15% of the overall print width for w = 2 mm, but 
as much as 50% for w = 0.5 mm. Note line width decreases with increasing applied strain 
due to Poisson effects. In addition, the narrower lines have a lower thickness, due to the 
tapered region. Therefore, they are likely more sensitive to channel depth than a larger 
print. This explains why instability and open circuits occur earlier for narrower print lines; 
the depth penetrates a larger percentage of the line thickness, and the length and 
interconnectivity of the channels traverse a greater percentage of the line width. 
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For this specific ink, improvements to screen printing processes that would yield 
nominal thickness values in deposition may enhance reliability of the material at small 
feature size, such that channels must deepen further to fully sever the conductive line. 
Investigations into multiple pass prints may offer a short-term solution. Above all, the ink 
formulation should be explored to determine how to prevent surface tears. This could come 
from elimination of the voids found within the composite, or possible replacement of the 
conductive inclusions with alternatives that can be more uniformly distributed within the 
polymer matrix. Further exploration of the tear pattern evolution within these inks through 
in-situ, SEM imaging would be useful in tracking the progression of channel depth with 
strain as well as the local evolution of silver flake fraction in order to provide accurate 
modeling of resistance evolution. 
4.6 Conclusions 
This work has determined the effects of printed trace width on the origin of the 
electrical behavior of PE 874 on TPU under uniaxial stretch. The narrower prints (w = 0.1 
mm) reach instability as early as εapp = 12.3±5.9%, and fail completely at εapp = 26.3±7.3%. 
This rises to εapp = 121.7±4.4% and 153.1±9.6%, respectively for w = 0.75 mm, and εapp = 
147.8±5.1% and 183.2±7.7% for w = 2 mm.  These failure thresholds are the result of 
strain-induced surface cracks, which sever the conducting cross sectional area of the 
printed line. As εapp increases, the damage forms channels oriented perpendicular to the 
direction of elongation, which proceed to elongate across the printed line, as well as deepen 
into the thickness of the material. They also link laterally, forming networks measuring 
upwards of 400 μm long. The observed trace width effects on failure thresholds were 
rationalized as follows. 
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First, the damage geometry represents a significant proportion of printed feature 
size for smaller widths. For example, for w = 0.5 mm at εapp = 50%, the damage network 
is made of interconnected cracks whose length represents 32% of total width after 
accounting for Poisson effects. Second, artifacts of the screen printing process further 
affect printed width and thickness for w < 0.75 mm. Edge roughness is observed to be 
several tens of μm, a significant value if the desired nominal width is a fraction of a mm. 
The 100-150 μm wide taper regions on either side of the printed line limit deposition 
thickness, meaning the surface cracks, for a given depth, have a more detrimental effect on 
resistance 
Much of this work covers damage evolution from the 2D perspective supported by 
surface image capture, with inferences made about channel depth from qualitative 
observation. Future efforts to capture depth progression with strain, such as through in situ 
SEM, would help compose a 3D damage model. In this manner, we can determine the 




CHAPTER 5. ELECTRICAL PERFORMANCE EVOLUTION 
AND FATIGUE MECHANISMS OF SILVER-FILLED POLYMER 
INK UNDER UNIAXIAL CYCLIC STRETCH 
Submitted for Publication 
The evolution of the heterogeneous conductive composite ink during monotonic 
stretching has been presented in Chapter 3: strain localizations manifest themselves into 
extreme necking, in the case of 5025 ink, or surface cracking, for PE 874. Chapter 4 
explored the cracking behavior in PE 874 with respect to manufactured feature sizes, and 
correlated strain induced damage progression with electrical performance failure 
thresholds. 
Real world applications of these inks necessitate repeated strain cycling. This 
chapter explores reliability behavior for 5025 and PE 874. For 5025 we examine cycling 
of 0.5 mm wide prints while supported by PET, as intended by the manufacturer. Due to 
the limited elastic regime of PET, we maintain low mean strain and amplitudes. PE 874 
was designed for greatest compatibility with TE11C. Based on the findings of Chapter 3 
and Chapter 4, we examine strain values beyond the COS of a few percent for surface crack 
nucleation, but below the previously identified thresholds for instability or failure from 
uniaxial strain. Predominantly, 0.5mm wide PE 874 prints were examined, with uniaxial 
strain values as low as 5%, and as high as 80%. Note the recognized threshold for instability 
at this feature size is over 100% applied macro strain. 
5.1 Fatigue Results 
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5.1.1 5025 Cycling 
As previously discussed, the low elastic regime of PET substrate necessitated 
restrictions on strain amplitude when cycling 5025. As such, amplitudes did not exceed 
2.5%, while mean strain was limited to 10%. Figure 5-1(a) depicts the resistance of 5025 
on PET increasing with cycle count. Tests were halted after 24-48 hours, or when cyclic 
softening of the substrate led to buckling a minimum strain levels. No samples experienced 
electrical failure in the form of either instability of resistance measurement, or open 
circuits. Normalizing for initial relative increases expected by loading to the mean strain 
values (see Figure 5-1(b)), results suggest that strain amplitude is a more significant driver 
of resistance. At the highest mean strain of 10%, the sample survives over 20,000 cycles 
with R/R0 = 8.5. For the same mean strain, but an amplitude of 2%, the samples reaches 
the same R/R0 after only 100 cycles.  
 
Figure 5-1: Strain cycling of w = 0.5 mm 5025 on PET with varying mean strains and 
strain amplitudes (a) Normalized resistance with cycling (b) Normalization of R/R0 value 
to account for disparate mean strains between samples 
 67 
When comparing samples cycled with the same amplitude, but different mean 
strains, there is minimal separation in resistance change as cycles progress. This is 
illustrated by Figure 5-2. 
 
Figure 5-2: Strain cycling of w = 0.5 mm 5025 on PET with varying mean strains and 
common amplitudes (a) Normalized resistance with cycling (b) Normalization of R/R0 
value to account for disparate mean strains between samples 
5.1.2 PE 874 Cycling 
For PE 874 fatigue loading, during the first half cycle the conductive film will 
experience the same behavior as seen during the monotonic test. It is therefore, worthwhile 
to describe the surface evolution and effect on resistance during such loading. Under 
monotonic stretch, the normalized resistance in PE 874 increases with applied strain, as 
shown in Figure 5-3(a). In-plane strain maps obtained by analyzing the surface evolution 
using Ncorr [82] revealed that there is strain localization that occurs very early in the 
loading. The localization is manifested in the form of surface cracks, which can be seen in 
Figure 5-3(b) though 5-3(e). The network of surface cracks does not penetrate through the 
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thickness of the film, therefore maintaining some conductivity, although it is reduced from 
the unstretched configuration. 
 
Figure 5-3: (a) Electrical response to monotonic strain for 2mm wide PE 874 printed onto 
TPU (b) PE 874 in test stage, undeformed (c) PE 874 with 5% applied macro strain, 
surface cracking begins to be visible (d) PE 874 strain field for 20% applied macro strain 
(e) PE 874 with 50% applied macro strain 
During the first half cycle the resistance of the conductive print line increases while 
a network of surface cracks forms and becomes interconnected similar to what was 
observed in the monotonic test. As the applied strain decreases away from the peak strain 
value, the resistance decreases. However, under continuous cycling between two strain 
values, the relative resistance continues to increase from the initial (monotonic) values. 
Figure 5-4(a) illustrates the fatigue behavior for the first 30 cycles of a 0.5mm sample 
elongated between 50% and 80% applied strain. The change in resistance is added to the 
initial measurement for the region being stretched, and normalized against this initial 
measurement.  Figure 5-4(b) shows this same test continued to just under 150 cycles. At 
approximately 75 cycles, the resistance change behavior reaches an inflection point, where 
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the relative difference between peak and valley resistance rises more rapidly and begins to 
become unstable. In many instances the measurement reads an open circuit near εmax, and 
then returns to measurable levels at εmin. This general trend is illustrated by the normalized 
resistance envelope outlined in red in the plot. The cyclic behavior is compared to that of 
a separate sample subjected to only the initial monotonic elongation and then held at εmax 
for the duration of the test, as shown in green in Figure 5-4(c). After a brief reduction in 
resistance, the electrical performance of the static sample remains constant. Therefore, 
strain cycling of samples leads to additional increase in resistance compared to a monotonic 
stretch and hold. 
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Figure 5-4: (a) First 30 cycles of 0.5mm wide PE 874 print strained between 50% and 
80% (strain range: 30%, mean strain: 65%) (b) Full trial data set for 0.5mm wide sample 
cycled between 50% and 80% strain. The red behavior envelope encompasses the 
majority of the normalized resistance values, including open circuit measurements not 
seen in plot (c) 0.5mm wide sample cycled between 50% and 80% strain (blue), inclusive 
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of initial elongation from zero, superimposed by separate 0.5mm sample elongated to 
80% and held at constant strain (green) 
The failure limit, also known as fatigue life, Nf, is expressed as the number of strain 
cycles required to reach a designated performance threshold. Since the measured resistance 
for PE 874 samples subjected to 80% strain is nearly 80 times the pre-strained value, a 
threshold of R/R0=500 is selected for this work as the fatigue life performance limit. This 
becomes the unifying metric across all of the varied experimental case parameters, which 
include strain amplitude, mean strain, print line width, and strain rate. By mapping the 
fatigue life for each experiment, one can identify the parameters of strain cycling which 
hold the greatest influence over resistance change behavior. Figure 5-5(a-b) show 
significant influence of strain amplitude, εa, on cycle count to reach the normalized 
resistance limit, from 23 cycles at 35% to an average above 500 cycles at 5%. Furthermore, 
sensitivity to mean strain, εm, seems to depend on the strain amplitude. Above εa = 15%, 
the fatigue life does not appear to depend as much on mean strain. Below εa = 15%, the 
disparities become more significant. This is illustrated by the spread of failure points in 
Figure 5-5(a), and the visible difference in slopes of the trend lines in Figure 5-5(b). At εa 
= 10%, a mean strain of 65% yields failure around 50 cycles. This nearly quadruples to 
190 cycles with a drop to 40% mean strain or less. When εa = 5%, a 75% mean strain fails 
after just over 300 cycles but when the mean strain is 25% can extend the life to over 700. 
Trace width and strain amplitude are relevant parameters, but do not appear to significantly 
impact cycles to failure. 
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Figure 5-5: (a) Strain amplitude vs. cycles to R/R0 = 500 for 0.5mm wide prints at 2%/sec 
strain rate (b) Strain life for 0.5mm wide prints at 2%/sec strain rate (Strain life for 
specimens subjected to 15% strain amplitude cycling at 2%/sec strain rate (d) Strain life 
for 1.0mm wide prints subjected to 15% amplitude cycling at varying strain rates. 
Figure 5-6 illustrates in-situ resistance measurements for a 0.5mm wide print 
sample subjected to 100 cycles between 50% and 80% strain, with intermediate optical and 
laser profilometry scans every 10 cycles. The normalized resistance increases with cycling, 
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as already shown in Figure 5-4. Between cycle sets, the normalized resistance is observed 
to decrease. Comparison of these two experiments clearly highlights that the general 
resistance increase behavior is the result of strain cycling, and not time-dependent effects. 
 
Figure 5-6: Normalized resistance behavior of 0.5mm print subjected to 100 cycles – in 
increments of 10 cycles – of 50% to 80% strain, with intermediate optical and laser 
profilometry scans 
The 0.5mm wide print specimen in its unloaded state is displayed in Figure 5-7(a). 
When elongated to 80% strain, but before cycling commences, a network of extensive 
cracks is already present (Figure 5-7(b)), similar to the one shown for the monotonic stretch 
in Figure 2-5. Dominant crack channels are roughly oriented perpendicular to the direction 
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of elongation. The crack path is not a straight line, as might be seen in homogeneous 
metallic thin films, but bypasses around flakes. Due to the extensive cross-linking within 
the crack network, it is possible to trace pathways that span the entire ink line. Note, also, 
that the width of the hybrid ink decreases with applied strain due to the Poisson effect. 
Figure 5-7(c) shows the same sample after the stage has been rotated approximately 34 
degrees to avoid interference with the objective lenses of the microscope. 
 
Figure 5-7: (a) 0.5mm wide print in unstrained condition (b) 0.5mm wide print elongated 
to 80% strain (c) 0.5mm print elongated to 80% strain, and rotated 34° to fit under 
confocal microscope 
Figure 5-8(a) shows a 256 μm square area of the 0.5mm PE 874 print elongated to 
εmax = 80%, but not yet cycled. Figure 5-8(b) shows the topographical image of the same 
approximate region following 100 strain cycles. The topographical features are compared 
using NCorr and the resulting displacement of the features before and after cycling is 
obtained. Once the respective topographies are aligned the resulting change in height 
between uncycled and 100 times cycled sets is compared, revealing the height delta field 
in Fig. 8c. These height differentials can be upwards of 8 μm, which is sufficient to 
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penetrate the entire thickness of the ink print when the resistance approaches that of an 
open circuit. 
 
Figure 5-8: (a) 0.5mm print elongated to 80% strain, rotated, uncycled (b) 0.5mm print 
elongated to 80% strain, rotated, subjected to 100 strain cycles between 50% and 80% (c) 
Profile delta field between uncycled, and cycled specimen scans 
 
5.2 Discussion 
Results from both 5025 and PE 874 cycling suggest that strain amplitude is the 
most significant driver of resistance increase. This is supported by literature, which 
suggests strain amplitude leads to a reduction in conductivity and storage modulus due to 
the breakdown of conductive networks [90, 91]. 
Analysis of polymer matrix composites with conductive inclusions often uses 
percolation theory to describe the increase in resistance due to applied strain. As the 
material elongates, Poisson effects increase the volume of the polymer matrix by the 
relationship 𝑉𝑉 𝑉𝑉0⁄ = (1 + 𝜀𝜀)(1− 𝜈𝜈𝜀𝜀)2 where V and V0 are final and initial volume, 
respectively, ε is applied macro strain, and ν is the Poisson ratio for the polymer matrix, 
presumed to be isotropic. By considering the inclusions to be rigid and undeformed, the 
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change in matrix volume due to elongation reduces the overall volume fraction of the 
inclusions, causing a decrease in conductivity.  Cracking is not considered in this model, 
which explains its poor correlation to measured results for PE 874 in Chapter 3. The 
cracking within PE 874 is a significant contributor to electrical performance evolution with 
monotonic strain, and necessitates a departure from the standard percolation theory. Cracks 
reduce the effective cross-sectional area of the conducting line, much like in metallic films. 
Unlike in metallic films, however, resistance is still measurable once these networks span 
the full width of the trace; the line remains conductive. This indicates that the crack 
channels formed during the initial elongation do not penetrate fully through the film 
thickness and only do so after repeated cycling. 
From image analysis, crack density is found to remain constant, as no new channels 
are observed to form between 0 and 100 cycles. The topographical scans point to a 
deepening of existing cracks within the conductive ink is the primary response to strain 
cycling. When channel depth is sufficient to penetrate the thickness of the ink, it exhibits 
the open circuit result commonly observed in homogeneous metallic films. However, total 
film penetration is not expected to happen simultaneously for every channel. Rather it is a 
gradual process, whereby the first occurrence among cracks can be marked by the 
inflection point in the resistance evolution plot. As more cracks reach full depth with 
continued cycling, the instability in resistance measurement becomes more pronounced. 
As the applied strain is decreased from maximum, electrical conductivity returns 
within the specimen. This may be because the decrease in the crack tip opening 
displacement can possibly restore some of the broken conductive paths along the crack 
faces. Furthermore, the composite ink demonstrates a healing effect, whereby resistance 
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recovery occurs even at constant strain. Each successive round of 10 cycles applied to the 
sample under the confocal microscope was preceded by a period of decreasing resistance. 
This is likely driven by time dependent properties of the film, whereby internal stress 
relaxation allows for reorientation of the conductive inclusions, and the formation of new 
percolative pathways. 
5.3 Conclusions 
This chapter examined the behavioral response of both 5025 and PE 874 conductive 
ink when subjected to strain cycling. Both exhibit a fatigue-driven decay in electrical 
performance, which is accelerated by increased strain amplitudes. Surface cracks in PE 874 
are created during initial elongation to εmax forming an interconnected network of surface 
cracks. The hybrid conductive ink traces continue to remain electrically conductive for 
multiple cycles despite the presence of such defects.  Performance failure comes from the 
deepening of these cracks to full film thickness. Crack deepening is affected by strain 
amplitude. At low enough strain amplitudes, the mean strain also influences the ink 
performance.  
Future work will need to explore more closely the driving mechanism behind the 
deepening of the cracks in PE 874, and similar composite materials that exhibit such 
behavior. Polymer matrix failure due to fatigue, delamination between flakes and the 
matrix, or a combination of the two, are likely at play. Incorporation of in situ SEM into 




CHAPTER 6. PRINT DEPOSITION THICKNESS AND VOID 
REMOVAL INVESTIGATIONS 
This section explores parameters of the screen printing process, and compares 
theoretical film thicknesses with measured values for PE 874 ink. Exploration of size 
effects in CHAPTER 4 revealed the detrimental impact of the tapered thickness at the edges 
of prints, which reduces cross sectional area and makes the conductive line more sensitive 
to expanding strain-induced damage channels. Profilometry scans of double-pass, as well 
as triple-pass prints – printed and provided by DuPont – address how these tapers are 
impacted by multiple deposition steps. 
CHAPTER 1 identified voids within the architecture of cured PE 874 prints. Post 
mortem cross section of PE 874 on PET suggested a role of these voids in influencing 
surface rupture due to applied strain. In an effort to further explore this impact, PE 874 
samples was printed with modifications to the final curing process in an effort to eliminate 
these voids. DuPont provided PE 874 on TE11C which had been calendered post-cure, and 
in-house prints were created in lab here at Georgia Tech. These new samples were 
subjected to characterization per 3.2 and 3.4 for comparison against the original DuPont 
prints.  
6.1 Double Pass and Triple Pass Profilometry Measurements 
In addition to traditional single-pass prints, which dominates the experimental work 
discussed in this dissertation, DuPont provided additional print sets, whereby second and 
third deposition steps were performed. The intention was to provide thicker films at the 
same trace width to investigate the impact of this dimension on performance. While these 
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prints were not evaluated for electromechanical function, the thickness profiles are 
summarized in Figure 6-1. 
 
Figure 6-1: Profilometry scans for different PE 874 on TE11C widths, given (a) Two 
deposition steps (b) Three deposition steps 
It is unknown whether any modifications were made to the relative distance between the 
screen and substrate between successive squeegee passes, or if additional ink was added 
prior to each pass. Theoretically, each pass should deposit an additional 8-10 μm on top of 
the previous layer. This clearly does not occur for the w = 0.1 mm prints, whose 10.8 μm 
peak after the third deposition step barely exceeds the 10 μm limit predicted for a single 
print. Qualitatively, the other widths successfully achieve a 16-20 μm thickness after the 
second deposition. By the third, there is significant variability in the amount of additional 
material added. The peak thickness value and relative additional material added from each 
pass is presented in Table 6-1. 
Table 6-1: Peak thickness values of single, double, and triple pass print runs for each 
trace width, followed by relative change in peak thickness between print operations.     
All values reported in μm. 
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Note that the profilometry scans for each trace width were collected from separate 
samples, so the amount of additional material provided by deposition steps beyond the first 
are only approximate. As an example we would presume the “loss” of material for w = 2.0 
mm is indicative of low deposition across one or more steps for that specific sample, rather 
than an actual loss of ink. Omitting the w = 0.1mm print, and taking the average of these 
peak thickness changes, we can infer from the 12.56 μm that a second pass print can 
reliably double the thickness of an ink pattern. The 4.28 μm average after the third pass 
indicates there is a complication which inhibits traditional ink deposition. A compilation 
of profilometry curves comparing thicknesses for common widths across different 
deposition amounts is presented in Figure 6-2. 
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Figure 6-2: Comparison of thicknesses across different squeegee pass counts for 2 mm 
PE 874 on TE11C (a) w = 0.1 mm (b) w = 0.25 mm (c) w = 0.5 mm(d) w = 075 mm (e) w 
= 1.0  mm(f) w = 2.0 mm 
Qualitatively the taper regions identified in CHAPTER 4 become steeper as thickness 
increases for the same print width. 
6.2 Processing Modifications and Results 
One of the most relevant discoveries made from initial cross-sectioning of these 
printed inks was the identification of voids within the cured PE 874 architecture, as 
described in 3.4. A potential explanation for this is the relative viscosity of the ink being 
sufficiently high such that any air bubbles trapped during the collapse of printed ink pillars 
(ref 1.2.4) are unable to escape before the curing process. Another explanation is that the 
volume loading of silver in the print, for the silver morphology used, is above the threshold 
for random loose packing. Voids are expected to appear in this case because as the ink 
dries, the silver structure is locked into place, dictating a certain dried coating thickness. 
However, there is not enough polymer binder to fill in all of the interstitial volume, 
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resulting in the formation of pores. This will be the case for any coating formulation where 
the filler particles form a jammed network, and there is not enough matrix to compensate 
for the open volume. 
Given the potential relationship between sub-surface voids and the strain-induced 
surface cracking found in PE 874, it was of interest to determine if removal of the voids 
might yield superior electrical performance with strain. 
6.2.1 Calendering 
One suggestion made by DuPont was to prints through a calender setup, thereby 
supplying compression to the printed film, which might force collapse of the voids. This 
took place after samples were printed and cured. DuPont supplied a new print set of PE 
874 printed onto TE11C substrate in 2020. In this batch, some sheets had been calendered 
either in one direction or in both directions along the length of the print design, while others 
were uncalendered for use as control specimens. Profilometry scans of a calendered 2mm 
print are presented in Figure 6-3 alongside a counterpart from the original 2018 print batch. 
 
Figure 6-3: Profilometry scans of 2mm PE 874 printed onto TE11C (a) 2018 “original” 
print set (b) 2020 calendered sample 
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With the exception of the post-cure calendering, both samples were reportedly produced 
by the same printing process, and both fall within the nominal 8-10 μm dry thickness target 
reported by the manufacturer. 
Resistance measurements in the unstrained condition of new print samples, both 
calendered and uncalendered, are compared to the electrical performance of the original 
prints (created in 2018) in Table 6-2. Recall that there were 10x 2mm PE 874 samples used 
in the size effects work presented in CHAPTER 4. These were uncalendered samples from 
the 2018 batch, repurposed for this chapter, and are labeled U_1 through U_10. 
Uncalendered samples from the 2020 batch are labeled U_11 through U_15. These prints 
present the lowest measurements at Rε=0 = 4.1±1.0Ω. The uncalendered and calendered 
samples from the 2020 prints averaged Rε=0 = 10.0±2.0Ω and Rε=0 = 8.7±3.3Ω, respectively, 
which is more than double that of the original print set. 
Table 6-2: Initial resistance values of calendered and uncalendered sample prints from 
2018 and 2020 
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These samples were monotonically tested as described in 2.2. When comparing the 
uncalendered 2020 prints to their 2018 counterparts (ref. Figure 6-4), electrical 
performance between the two print sets closely align for 0% ≤ εapp ≤ 75%. After this, the 
newer prints’ resistance rises more steeply with strain. When adjusting to a semi-log scale 
for R/R0, we see the disparity in strain location for instability field scatter. 
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Figure 6-4: Normalized resistance, R/R0, vs. strain for uncalendered 2mm PE 874 on 
TE11C (a) linear scale (b) semi-log scale to emphasize instability field scatter with 
respect to εapp 
Combining these with the results from calendered sample testing (Figure 6-5), 
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Figure 6-5: Normalized resistance, R/R0, vs. strain for calendered and uncalendered 2 
mm PE 874 on TE11C (a) linear scale (b) semi-log scale to emphasize instability field 
scatter with respect to εapp 
the performance of the calendered samples does not differ significantly with their 
uncalendered counterparts, and the previously identified trend of lower strain thresholds 
for instability and failure hold. These thresholds are summarized in Table 6-3 and Table 
6-4. U_1 through U_5 are omitted from these tables because they were not subjected to 
sufficient elongation to reach open circuit failure. 
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Table 6-3: Instability threshold for uncalendered and calendered 2mm PE 874 on TE11C. 
The uncalendered samples are from the incumbent 2018 print set. 
 
Table 6-4: Open circuit threshold for uncalendered and calendered 2mm PE 874 on 
TE11C. The uncalendered samples are from the incumbent 2018 print set. 
 
The uncalendered 2018 prints reach instability and open circuit failure at εapp = 
147.8±5.7% and εapp = 183.2±8.6%, respectively. The uncalendered 2020 samples do so at 
110.3±10.8% and εapp = 131.5±7.4%, while the calendered reach these thresholds at 
110.3±10.8% and εapp = 131.5±7.4%. 
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Both a calendered and uncalendered sample from the 2020 batch was FIB sectioned 
under the SEM. These sections are visible in Figure 6-6. 
 
Figure 6-6: FIB cross-sections of 2mm PE 874 on TE11C, printed in 2020 (a) 
Uncalendered sample (b) Calendered sample (c) High mag. image of uncalendered 
sample, showing voids and boundary for “shaded” flake field (d) High mag. image of 
calendered sample, showing voids and boundary for “shaded” flake field 
High magnification imaging allows for the identification of voids, found within both 
uncalendered and calendered samples, within the respective cross-sections. Print 
thicknesses are relatively equal, at about 7 μm. Just under 5 μm beneath the surface of each 
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print, the flake field becomes “shadowed”. These section views were compared to cross-
sections of an uncalendered print from the 2018 set, which can be seen in Figure 6-7. 
 
Figure 6-7: FIB cross-section of 2mm PE 874 on TE11C, printed in 2018 (a) Entire 
section view (b) High mag. partial section view, articulating local print thickness and 
presence of voids 
The 2018 print section cut also presented voids, just as the calendered and uncalendered 
specimens from the 2020 prints. However, the incumbent specimen did not exhibit the 
same boundary line in section, beneath which the flake field appeared shaded. Therefore 
the shading phenomenon is considered to be an artifact of the later printing process, and 
not of the SEM imaging equipment. 
Similar cross section cuts were made in each of the calendered samples, 
representative of each calendering direction, and analyzed for void and flake area fraction. 
A compilation of all such section analysis is displayed in Table 6-5. Several of these 
sections were taken from among the non-conducting 0.1mm print samples, which were 
otherwise not useable for electrical experimentation. As such they do not have measured 
resistance values. 
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Table 6-5: Compilation of area fraction analyses for PE 874 FIB cross-sections 
 
*Section taken from edge of print line; captures tapered thickness 
6.2.2 In-House Print and Cure 
As described in 2.8, a small subset of printed samples were produced at Georgia 
Tech for the purpose of modifying the curing processes in an effort to eliminate voids. 
Given the notions that a porous architecture could be a result of either high ink viscosity, 
or high flake density with unfavourable packing, two methods were added to the standard 
curing process. The first, was to introduce the wet prints to a vacuum environment, such 
that the pressure differential might coax trapped air to break surface tension of the ink and 
escape. The second approach was to sonicate the wet prints prior to cure, with the notion 
that the vibrations might unlock flake structures and facilitate tighter packing. This led to 
four unique sample categories: 
1. Hand Print, Standard Cure 
2. Hand Print, Vacuum Cure 
3. Hand Print, 1hr Vac. @ Room Temp, Vac. Cure 
4. Hand Print, Sonicate, 2hr Vac. @ Room Temp, Sonicate, 2hr Vac, Vac. Cure 
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After curing, the samples were in situ tested per 2.2, the results of which are visible in 
Figure 6-8. 
 
Figure 6-8: Normalized resistance vs. strain of 2mm PE 874 hand prints on polyurethane 
substrate, with different curing parameters 
Resistance curves are very similar for 0% ≤ εapp ≤ 50%, after which they generally begin 
to become unstable and fail. 
A sample from each printing method was also section cut to determine print thickness, 
and confirm whether voids were still present within the dry ink architecture. A summary 
of these sections may be seen in Figure 6-9. For all cure process cases, voids were found 
within the sample cross-sections. Additionally, measured print thicknesses were below that 
predicted by the manufacturer, given the parameters of the screen used. Thickness values, 
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along with resistance measurements in the unstrained condition, are summarized for each 
curing process in Table 6-5. 
 
Figure 6-9: FIB cross-section SEM image showing voids (circled in red) within 2mm PE 
874 on polyurethane substrate (a) Standard cure (b)Vacuum cure (c) room temp. vacuum 
followed by vacuum cure (d) Alternating sonication and room temperature vacuum, 
followed by vacuum cure 





DuPont reported the production of our test samples using a screen with 0.0016” 
(40.64 μm) diameter threads, at a count of 200 threads per inch. The emulsion thickness 
and thread material are unknown, but assuming a common emulsion thickness e = 0.0001” 
(2.54 μm), and stainless steel threads with rigidity coefficient a = 2.5, we can use Equation 
C.2 from pillar theory, and the unit conversion of 25400 μm per inch, to predict a wet 











= 48.2 𝜇𝜇𝑚𝑚 
Organic solvents credited with providing fluid properties most compatible with printing 
are baked out during the curing phase. These solvents commonly account for 50-60% of 
the volume of an ink, though this does not fully explain the deficit between theoretical wet 
thickness and a nominal 8-10 μm dry print provided by DuPont. They cite print speed, 
squeegee pressure, and viscosity of the ink as relevant parameters of final print. We must 
also consider that this model idealizes zero loss of thickness due to pillar collapse during 
coalescence into a uniform film. Also note that the entirety of the filled mesh apertures are 
assumed to have been deposited onto the substrate, a notion that is debated by the free 
surface liquid transfer model. 
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 Per the liquid transfer model, the theoretical maximum wet print thickness (ref. 
Equation C.9) would be: 
𝐻𝐻𝑚𝑚𝑎𝑎𝑚𝑚 = 2 ×
40.64
2














� = 60.59 𝜇𝜇𝑚𝑚 
Since the capillary number, Camen, and associated constant coefficients are unknown, we 
cannot use the general liquid model equations to calculate the scaling factor on this 
maximum and predict the actual deposition thickness, Hact. However, taking the liberty of 
assuming wet PE 874 has a high capillary number, we rely on Equation C.10 and Figure 
C-7 to approximate this scaling factor. With a unit conversion of 2.54 cm per inch, the 
fractional open area is calculated to be: 
𝐹𝐹𝑜𝑜𝑎𝑎𝑜𝑜𝑜𝑜 = 1 −
200
2.54
× 40.64 × 10−4 = 0.68 
The empirical fit curve predicts an ink transfer proportion of approximately 71%, or 43.0 
μm. This is not that different from the value predicted by the pillar theory, though arguably 
the liquid transfer model can be further refined by the use of actual ink properties. 
Incomplete flooding of mesh apertures, the orientation of the screen with respect to 
squeegee direction of travel, and the spacing between the screen and substrate are likely to 
be relevant factors as well. 
 When considering multiple deposition steps within a print it is clear there are 
consistency issues, particularly in the third step. Any of the previously mentioned 
parameters could affect transfer of additional ink onto the substrate. Furthermore, we know 
that with successive prints we are no longer transferring ink to the substrate directly, but 
rather on top of another layer of ink. It is important to note that these samples were not 
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cured in between individual deposition steps, so deposited material is expected to coalesce 
with any prior ink layers. That having been said, free surface adhesion may differ for ink-
substrate vs. ink-ink, influencing how much ink ultimately gets drawn through the screen. 
The in-house prints were performed using a different screen, as described in 2.8. 











= 34.9 𝜇𝜇𝑚𝑚 
Free surface liquid transfer theory predicts max deposition and fractional open area of: 
𝐻𝐻𝑚𝑚𝑎𝑎𝑚𝑚 = 2 ×
22.86
2














� = 35.1 𝜇𝜇𝑚𝑚 
and 
𝐹𝐹𝑜𝑜𝑎𝑎𝑜𝑜𝑜𝑜 = 1 −
325
2.54
× 22.86 × 10−4 = 0.71 
This approximates to a transfer ratio of 71%, for a theoretical thickness of 24.9 μm. The 
models are going to be sensitive to the parameters of mesh density and thread diameter, 
but the disparity between the predicted thickness values and the average actual values of 
2.9 – 5.2 μm measured from FIB cross-sections must be attributed to process parameters 
not captured by either one. This includes squeegee blade rigidity, pressure and speed, as 
well as the amount of ink used to flood the screen. 
 Results from the calendering investigations indicate that calendering does not 
significantly affect electrical performance, be it initial measured resistance, or thresholds 
for failure or instability. Since the calendering took place after the new prints were cured, 
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we can presume the effect was to elastically depress the ink material. Once compression 
was removed, the ink likely rebounded with no permanent change to its architecture. Of 
greater note is the disparity in performance between the older prints and the newer ones. 
One would expect larger agreement between samples produced with the same materials, 
and by the same processes (excluding calendering). One explanation could be relative 
differences in batch material properties. Favorable orientation of silver flakes for more 
uniform strain distribution in the 2018 prints seems unlikely. There may have been 
formulation differences, or environmental factors that influenced the newer prints to have 
lower elasticity, or weaker internal flake-matrix adhesion, which might accelerate strain-
induced surface ruptures. 
 Considering the samples produced at Georgia Tech, each print performed up to 
approximately εapp = 100% before reaching a compromised measurement threshold, despite 
thickness reductions on the order of 50%-90%. Given the high width to thickness aspect 
ratio of the w = 2mm design, this suggests a stronger relationship between performance 
and width, than with thickness. Voids were also found in each sample, regardless of cross-
section thickness. Under the presumed correlation between surface rupture and void 
location, it is possible that voids serve to create locations of stress concentration and the 
nucleation points for surface ruptures. However, void breadth into the material (in the 
direction across the print line) may be shallow, requiring rupture channels to grow and link 
with others to fully sever the conducting cross-section, which scales with width. 
6.4 Conclusions 
This chapter explored process parameters associated with screen printing PE 874 
ink onto TE11C substrate. Voids manifest within the ink architecture, even at reduced print 
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thicknesses. Sonication and vacuum cure operations are ineffective at eliminating them. To 
do so will require modifications to the ink formulation itself. Nevertheless, a print of 20% 
nominal thickness showed electrical instability and open circuit threshold performance 
comparable to samples produced using DuPont’s controlled processes. This indicates 
thickness is less relevant than width, or perhaps void presence. 
Multi-step deposition proved unreliable in producing predictable print thicknesses, 
even among large features such as w = 2.0 mm for which no positive addition to thickness 
could be attributed to the third deposition run. That having been said, the steeper taper 
regions because of repeated deposition increases the cross-sectional area of the print lines, 
which may be beneficial to electrical performance. In situ monotonic testing would reveal 
how the relative instability and open circuit strain thresholds have been affected by the 
change in cross-section. 
While theoretical models exist to predict deposition thickness – and sometimes they 
even agree – they do not fully capture all of the relevant parameters associated with the 
screen printing process. Such parameters are tuned to create the proprietary processes that 
allow manufacturers like DuPont to enjoy high reliability of their prints. 
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
7.1 Conclusions 
5025 and PE 874 inks were expected to conform to percolation theory, differing 
only by their relative polymer matrix properties that dictate Poisson effects due to 
elongation. On the contrary, Chapter 3 highlighted the importance of the initial architecture 
of silver inks on the deformation and electrical behavior.  In situ strain map analysis showed 
the formation of strain localization bands at early applied strain levels. The origins of these 
bands differ, which result in different flake volume fraction evolutions and therefore 
different electrical behavior. FIB cross-sections revealed the significant presence of 
micron-size voids in the PE 874 ink.  Its strain localization is associated with surface 
cracking, most likely triggered by these pre-existing voids. There is minimal silver flake 
volume fraction change with strain such that, at εapp = 35%, the resistance ratio increase is 
5. Instead, for 5025, local necking accompanies strain localization. This engenders large 
silver flake volume fraction decreases and a resistance ratio increase of 15 at εapp = 35%. 
A Gaussian distribution (which captures non-uniform deformation) of measured flake 
fraction incorporated into to percolation theory provides reasonable estimates of the 
resistance ratio increase with strain for 5025, compared to the use of average flake fraction 
(which better captures uniform deformation). 
Pre-existing voids may lead to cracks in the deformed PE 874 ink, which can 
actually be beneficial for their electrical behavior under large strains. While surface cracks 
indicate an increase in void fraction (porosity), and therefore an increase in resistance, their 
formation prevents any significant decrease in flake volume fraction (especially in necked 
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regions). As cracks do not immediately penetrate through the thickness of the ink, their 
formation appears to be not as detrimental to the ink’s overall electrical behavior.  
Chapter 4 revealed that electrical behavior of PE 874 trends with printed trace 
width. Narrower prints reach are more sensitive to εapp, reaching instability and circuit 
failure sooner, because surface rupture growth and networking severs a higher proportion 
of conducting cross sectional area.  
Stronger deposition control of thickness at small feature size may enhance 
reliability of the material, such that damage channels are required to more fully deepen to 
sever the conductive line. 
Chapter 5 examined the behavioral response of PE 874 conductive ink when 
subjected to high strain cycling. Initial elongation to εmax generates surface cracks, which 
form a networked channel damage pattern. Despite the presence of such defects, the hybrid 
conductive ink traces continue to remain electrically conductive for multiple cycles.  As 
cracks deepen with each cycle, they approach the full thickness of the ink, leading to 
electrical circuit failure. Crack deepening is affected by strain amplitude. At low enough 
strain amplitudes, the mean strain also impacts the ink performance. 
Chapter 6 provided insight into the complex variables at play when producing 
reliable print geometries. Edge thickness taper can be attenuated with multiple print steps, 
though existing models do not fully capture the mechanisms that drive fluid deposition 
through a screen. Despite attempts to modify the PE 874 printing process pre and post cure, 
porosity proved difficult to eliminate. The architecture of the ink is locked until 
modifications are made to its formulation, prior to printing. Pre-existing voids, such as they 
are, may still be beneficial in how surface cracks attenuate flake volume reduction with 
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strain. Furthermore, their negative effects can be overcome by increasing the width of the 
printed line. 
7.2 Recommendations for Future Work 
The findings in this work revealed many insights into electrical failure behavior of 
screen printed polymer supported inks subjected to uniaxial strain. However, the 
understanding and details of these findings can be further expanded by performing 
additional in-depth investigations. The following are recommendations for future research 
avenues: 
• Applied uniaxial strain was found to localize almost immediately following the 
onset of elongation, manifesting as either surface cracks or extreme necking in PE 
874 and 5025, respectively. However, the origin of localization has yet to be 
attributed to any particular property of the ink. High surface roughness could 
concentrate stresses, leading to “weak points” in the ink surface. Relatively dense 
concentrations of filler material could create non-deforming regions, leaving low 
density volumes to elongate more rapidly. These parameters can be simulated to 
offer insights into ways of attenuating strain localization and surface tears. 
• Many applications of flexible electronics require biaxial, or triaxial, stretching. 
Such scenarios are not explored in this dissertation, however the experimental and 
analytical procedures described can be modified to incorporate test fixtures with 
greater degrees of freedom. Such investigation into broader strain parameters 
would provide a more comprehensive understanding of ink behavior as it relates to 
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mechanical response to elongation in multiple directions, and subsequent evolution 
of electrical performance. 
• Future work will need to explore more closely the driving mechanism behind the 
deepening of the cracks in PE 874, and similar composite materials which exhibit 
such behavior. Polymer matrix failure due to fatigue, delamination between flakes 
and the matrix, or a combination of the two, are likely at play. Incorporation of in 
situ SEM into the experimental process would aid in this study.  
• Investigating PE 874 inks with different initial void contents (presumably by 
optimizing the fabrication process) would be useful to further understand the 
combined effect of voids and strain localization on electrical behavior under large 
strains. Adjustments to ink formulation, such as reduced filler loading, using 
smaller average particles, using filler particles with lower aspect ratios, may help 
to eliminate voids entirely. Subsequent experimentation would reveal the specific 
role voids play – as more of a hindrance, or an advantage – in the ultimate failure 




APPENDIX A. ADDITIONAL STRAIN FIELDS 
This appendix provides additional in-plane surface strain fields for each 
combination of 5025 and PE 874 ink supported by either Kapton PI, PET, or one the TPU 
formulations: TE11C and ST604. Strain fields were derived from optical images captured 
by the LEXT confocal microscope, and subsequently generated using Ncorr. 
 
Figure A-1: Optical imaging and strain field calculations for 5025 on Kapton PI under 
applied uniaxial far field strain values of 0%, 1%, 5%, 10%, and 15%. (a) 5025 “flexible” 
ink optical surface images (b) 5025 strain field overlay 
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Figure A-2: Optical imaging and strain field calculations for 5025 on ST604 under 
applied uniaxial far field strain values of 0%, 1%, 2%, 4%, and 6%. (a) 5025 “flexible” 
ink optical surface images (b) 5025 strain field overlay 
Strain localization in 5025 was not as evenly distributed as with PET and PI 
support. Strain magnitudes were extremely high for localization bands on the softer 
substrate. This resulted in deep cracking within the ink. The sample failed by εapp = 6%. 
 
Figure A-3: Optical imaging and strain field calculations for 5025 on TE11C under 
applied uniaxial far field strain values of 0%, 1%, 2%, 4%, and 6%. (a) 5025 “flexible” 
ink optical surface images (b) 5025 strain field overlay 
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As with 5025 on ST604, localization in this ink is not widespread as with stronger 
substrates. Electrical failure in this sample occurred by εapp = 2.5%. Since catastrophic 
damage was not apparent within the selected view window, additional investigation of the 
ink at failure strain was conducted, leading to the discovery of significant large crack 
formations elsewhere. 
 
Figure A-4: Example of mechanical failure of 5025 printed onto TE 11C. 
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Figure A-5: Optical imaging and strain field calculations for PE 874 on Kapton PI under 
applied uniaxial far field strain values of 0%, 1%, 5%, 10%, and 15%. (a) PE 874 
“stretchable” ink optical surface images (b) PE 874 strain field overlay 
 
Figure A-6: Optical imaging and strain field calculations for PE 874 on TE11C under 
applied uniaxial far field strain values of 0%, 1%, 5%, 8%, and 10%. (a) PE 874 






APPENDIX B. FAILED PRINT DEFECTS 
As described in 4.2, this appendix provides examples of print defects that resulted 
in open circuits in the unstrained condition among w = 0.1mm prints of PE 874 on TE11C. 
 
Figure B-1: Print line defects found in w = 0.1mm PE 874 on TE11C (a-b) Partial line 




APPENDIX C. SCREEN PRINTING THEORIES TO CALCULATE 
WET DEPOSITION THICKNESS 
Screen printing has been adopted for the production of electronics, and as such 
requires theories to reasonably predict electrical performance via deposition thickness. 
This section briefly summarizes two such models: simple pillar theory [63], and free 
surface liquid transfer [92]. Pillar theory operates under the notion that ink is forced 
through the mesh screen by the squeegee. Liquid transfer theory suggests that squeegee 
force is not relevant, and instead ink is drawn through the mesh via contact with the 
substrate due to surface tension. 
When considering the mesh screen, fibers having diameter, d, are uniformly inter-
woven in a grid at a mesh count of T. Thickness of the mesh may be quantified by the term 
ad, whereby a constitutes a coefficient dependent upon the rigidity of the material used for 
the threads, as well as weaving tension, typically falling within the range 2 < a < 3. A 
conceptual cross-section may be seen in Figure C-1. 
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Figure C-1: Section of mesh [63] 
To create the desired print pattern, the screen is saturated with an emulsion material, 
masked, and then photo-cured. Uncured material is then removed, clearing the appropriate 
apertures in the mesh grid for ink deposition. When initially printed, the ink passes through 
the screen as pillars, having cross-section dimensions equal to the aperture size, and height 






(𝑎𝑎𝑑𝑑 + 𝑒𝑒) Equation C.1 [63] 






(𝑎𝑎𝑑𝑑 + 𝑒𝑒)𝑇𝑇2 Equation C.2 [63] 
This is conceptualized in Figure C-2: 
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Figure C-2: Mesh cross-section with emulsion mask thickness, and subsequent deposited 
ink pillars [63] 
Once deposited, ink pillars collapse via lateral flow, and coalesce into a continuous 
film. Given small enough pillar spacing, merging occurs with negligible reduction in 
thickness, so the wet thickness is ideally taken as equal to the pillar volume per unit area. 
When cured, the dry ink thickness decreases from wet thickness by some percentage based 
on the amount of volatile vehicle added to achieve desired ink flow characteristics, which 
evaporates out. 
During printing, a mesh, M, is positioned a distance, D, from the substrate stage. 
Ink is supplied to the mesh, and a downward force, F, is applied to the squeegee blade, 
depressing the screen to a level, L, and placing it under tension. As the blade is moved 
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laterally at a velocity, V, it reaches the substrate stage and places the screen in contact, 
receiving a reaction force, R, from the substrate, which is dependent upon F and V and 
deforms the blade tip at an angle, θ. This may be seen in Figure C-3(i-iii). The level to 
which the blade and screen are depressed may be controlled by a stop, S, as illustrated by 
Figure C-3(iii) and (iv). 
 
Figure C-3: The screen printing mechanism [63] 
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In this manner, print thickness may be adjusted by either variation of squeegee 
travel speed, V, the level, L, as determined by stop, S, or some combination of the two. 
These parameters, along with squeegee material hardness, affect the level of deformation 
of the blade tip. The greater the deformation, the more the tip is lifted off of the substrate, 
and the more ink is presumably forced through the screen as opposed to pushed forward in 
front of the blade. For example, a higher travel speed and a softer blade trend toward higher 
tip deformation, and higher print thickness. Other factors influencing squeegee blade 
deflection include pre-tension of the screen, orientation of the screen with respect to 
squeegee travel, rheological properties of the ink, and even stencil positioning on the screen 
as it relates to alignment with apertures in the mesh. Over time, wear of the blade tip also 
becomes relevant, and is often addressed by increasing force, F, to maintain print thickness. 
An alternative approach to predicting print thickness comes from looking at the 
surface tension of the liquid ink itself [92]. Considering transfer of the ink from the mesh 
screen to the substrate does not occur until after the squeegee blade passes by, one can see 
how surface tension affects the infiltration of free surface through a screen. Ink deposition 
for traditional off-contact printing (see Figure C-3iii), therefore, is described in three 
stages, as described by Figure C-4: 
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Figure C-4: Schematic showing the three stages of screen printing (a) Excess of fluid on 
mesh after flood stroke (b) Squeegee forces screen into contact with substrate and fills 
cavities with ink (c) (i-iv) Screen separates from substrate and ink is pulled from mesh 
[92] 
As the squeegee plays no role in the final stage of printing – when the tensioned 
mesh retreats from contact with the substrate – previously considered parameters such as 
squeegee force and passing speed are not relevant. The important calculation comes from 
describing the behavior of the liquid bridge structures that form between the screen and 
substrate, and their meniscus boundaries. This is used to determine the amount of material 
left on the screen in residual after print. 
Given a screen with cylindrical threads of radius Rthread, uniformly separated by a 
distance of 2H0, and oriented parallel to the squeegee blade and perpendicular to the 




Figure C-5: Geometry of (a) 2-D mesh and (b) stenciled portion of the mesh with a single 
opening [92] 
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An idealized approach carries the following assumptions: 
• The ink is incompressible, with negligible body forces, no-slip boundary conditions 
at the surfaces of the substrate and screen, and Reynolds number <<1, making 
inertial effects negligible. 
• The tip of the squeegee blade is sharp and rigid, and completely fills the screen 
apertures, leaving a level ink surface on top. 
• Screen tension only serves to keep it level between its frame and where the 
squeegee presses it in contact with the substrate. 
• The shape of the free surface of the ink follows its radius of curvature, conforming 
to preserve volume. Separation occurs when free surfaces meet underneath a thread. 
Using the coordinate system provided by Figure C-5, the problem is broken into two stages: 
1. Calculate the free surface meniscus radius, Rmen(X), and its speed, Umen(X), for each 
value of X. 
2. Determine whether free surfaces have touched, indicating separation has occurred 
and residual ink on the mesh can be calculated. 
The half-gap, H(X), for any X is: 
𝐻𝐻(𝑋𝑋) = 𝐻𝐻0 + 𝑅𝑅𝑡𝑡ℎ𝑟𝑟𝑜𝑜𝑎𝑎𝑟𝑟 − �𝑅𝑅𝑡𝑡ℎ𝑟𝑟𝑜𝑜𝑎𝑎𝑟𝑟2 − 𝑋𝑋2 Equation C.3 [92] 









 Equation C.4 [92] 






 Equation C.5 [92] 
The radius, Rtot, is calculated by matching its tangent to the tangent of the thread: 








 Equation C.6 [92] 
where Hꝏ(X) is the thickness of the film remaining on the thread. Speed of the meniscus 
surface boundary is then related to residual ink thickness as a function of the capillary 
number, Camen, given fluid viscosity, μ, and surface tension σ: 
𝐻𝐻∞
𝑅𝑅𝑚𝑚𝑜𝑜𝑜𝑜
= 𝑎𝑎𝐶𝐶𝑎𝑎𝑚𝑚𝑜𝑜𝑜𝑜𝑏𝑏  Equation C.7 [92] 
Constants a and b must be evaluated analytically for the particular ink in use. Combining 




 Equation C.8 [92] 
By integrating between the top of the thread and the point when the two menisci beneath a 
thread intersect, one can calculate the volume remaining on the thread. Note that this does 
not consider the deposition pattern of ink that actually transfers to the substrate. The 
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theoretical maximum printed thickness, Hmax, given all ink transfers to the substrate is 
defined as: 
𝐻𝐻𝑚𝑚𝑎𝑎𝑚𝑚 = 2𝑅𝑅𝑡𝑡ℎ𝑟𝑟𝑜𝑜𝑎𝑎𝑟𝑟 �2 − 𝜋𝜋𝑅𝑅𝑡𝑡ℎ𝑟𝑟𝑜𝑜𝑎𝑎𝑟𝑟𝑀𝑀�1 + (2𝑅𝑅𝑡𝑡ℎ𝑟𝑟𝑜𝑜𝑎𝑎𝑟𝑟𝑀𝑀)2� Equation C.9 [92] 
Additional factors can add complications resulting in errors when calculating residual ink 
volume. The evolution of the meniscus is impacted by the shape of the mesh cross-section, 
or stencil. Square edges cause pinning of the lower meniscus, which reduces the amount of 
ink left on the substrate. This is illustrated in Figure C-6: 
 
Figure C-6: Profile of the free surface when printing through a stenciled portion of the 
mesh with (a) single opening and (b) two openings [92] 
When fluids have sufficiently high capillary numbers, their properties have negligible 
effect on final print thickness compared to thread count and diameter. In these cases (Ca > 
10), a simplified empirical model has been developed using the fractional open area of the 
mesh, Fopen, which is calculated using M in threads per cm, and Dthread in microns: 
𝐹𝐹𝑜𝑜𝑎𝑎𝑜𝑜𝑜𝑜 = 1 −𝑀𝑀𝐷𝐷𝑡𝑡ℎ𝑟𝑟𝑜𝑜𝑎𝑎𝑟𝑟 × 10−4 Equation C.10 [92] 
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Figure C-7: Predicted transfer of fluid to the substrate at high Ca (>10) as a function of 
the open fraction of the mesh [92] 
The percentage of ink printed onto the substrate from Figure C-7 can be applied to the 
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